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EDITOR'S PREFACE 
TO THE REVISED ENGLISH EDITION. 



In preparing this translation of the Fourth German Edition, the 
Editor's work consisted principally in making the retained portions of 
the Translation of the Third Edition somewhat less literal, in trans- 
lating the additions to the First Part and the whole of the Second 
Part, and in correcting a few errors in the formulae. The portions for 
which the Editor is alone responsible, are the tables on pp. 8 and 9, and 
the bracketed footnotes. 

J. F. Klein. 

BsTHLBHEM, Pa., July 1884. 



TBANSLATOB'S PREFACE 
TO THE THIED EDITION. 



The great circulation and the general acknowledgment which 
Professor Zeuner's Circle Diagram obtained in a few years amongst 
the German Engineers, and also the little knowledge of it which exists 
in England, have induced me, on the occasion of the publication of 
the Third Edition of Professor Zeunor's ' Treatise on Valve-Motions ' 
to translate this edition into the English language. I now hand over 
to the pubHc this Translation (which is as nearly as possible a hteral 
one), and have only to add the desire, that the excellent work by 
Professor Zeuner may meet in England with the same success as 
it has in Germany, and that it may be as generally adopted. 

Mobitz Müller. 



PREFACE 
TO THE FOURTH GEEMAN EDITION. 



In preparing the present edition of "Valve-Gears," I have paid 
especial attention to the second part, which treats of double slide- 
valyes (gears with independent cut-oflf). This part of the book has 
been entirely rewritten, and may, in a certain sense, be regarded as 
exhausting the subject. I have tried to solve the problem, not 
altogether easy, of discussing all the double valve-gears which are of 
interest and importance from the theoretical and practical stand- 
point, without too greatly increasing the size of the book ; it was 
therefore necessary to present the subject in a short, precise fashion 
considering principally the important points, the subordinate points 
being merely indicated, or, in some cases, omitted. It is to be hoped 
that this condensed presentation will not render the book less clear 
or easy to understand. The principles employed in the theory of 
double slide-valves are not new; the principal proposition, which 
might be called the paraUdogram of eccentrioäieSy was deduced and 
applied in my first articles in the Ciml-Ingeniev/r, and was also used 
in the later editions of this book in the discussion of Meyers and 
Polonceau^s valve-gears. 

I thankfully acknowledge the assistance rendered me in preparing 
this edition by Prof. L. Hauffe, of the Technical School at Vienna, 
and Prof L. Kargl^ of the Polytechnic School at Zurich. 

Gustav Zeuneb. 
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TREATISE 



VALVE-GEARS 



INTRODUCTION. 



The valve motion of steam engines has to perform the duty of 
admitting the steam directly from the boiler to the cylinder alter- 
nately before and behind the piston, and of releasing the used steam 
into the air in non-condensing engines, and into the condenser in 
engines with condensation. 

The entrance and exhaustion of the steam take place through the 
two steam-ports, one of which leads to each end of the cylinder. 
Now, in the construction of the valve-gear, the problem is to open 
the entrances of these ports alternately by the application of 
peculiar arrangements at one time to the steam-pipe, and at the 
other time to a port which communicates either with the open air or 
with the condenser. These arrangements, which act directly in the 
manner stated, form the so-called inside gear, and consist of slide- 
valves, valves, or cocks. 

Those parts of the steam engine which transfer motion from the 
engine itself to the above-mentioned arrangements, are comprised 
under the name " outside gear'' 

They are divided principally into those gears in which this 
motion is given by eccentric discs (eccentrics), and those obtaining 
their motion from oscillating levers. 

The slide-valve gears are those which are most applied and most 
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important, and as they alone lead to theoretical studies of the dis- 
tribution of steam effected through them, an investigation into the 
seldom-applied valve and cock-gears has been entirely omitted in the 
following treatise. The slide-valve consists generally of a hollowed 
plate, which moves backwaixls and forwards over the entrances of the 
steam-ports ; or if the slide-valve acts as ä so-called expansion slide- 
valve, it only consists of a single plate, which may or may not have 
slots or ports for the admission of steam. 

Slide-valve gears are divided into two kinds : — 

(1) Slide-valve gears with one slide-valve ; and 

(2) Slide-valve gears with two slide-valves. 

The slide-valve gears are always constructed in such manner as 
to admit the steam into the cylinder, not during the whole stroke of 
the piston, but only during a greater or smaller part of it ; after the 
cutting off, the steam acts by its extension, or as it is called, by 
expansion. Now this earlier or later cut-off, or the greater or less 
expansion may be effected very well, as will be shown farther on, by 
one single slide-valve ; but there are certain limits for the expansion 
thus effected, and it very often happens that the distribution of 
steam effected by one slide-valve when cutting off soon proves to be 
disadvantageous. Slide-valve gears with two slide-valves are applied 
in such cases ; besides the distribviion valve, a second one is used, 
called the expansion valve, and which has only to regulate the 
admission and cutting off of the steam. 

The motion of the slide-valve is produced, with very few ex- 
ceptions, by means of eccentrics. For motions with one slide-valve 
there are employed one or two eccentrics ; one eccentric is applied if 
the rotary motion of the engine takes place always in the same 
direction, while two eccentrics are generally applied if the motion of 
the engine has to be sometimes reversed. Motions of the latter kind, 
which are to be found with locomotive, marine, and winding engines, 
will be called in future " reversing motions." 

The motions with two slide-valves have generally two or three 
eccentrics ; in the first case, each of the two eccentrics moves one slide- 
valve ; this arrangement is most applied to stationary engines, which 
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run always in the same direction. In the case of a reversing motion 
with two slide-valves, either three or two eccentrics are applied. If 
there are three eccentrics, one governs the motion of the expansion 
valve, and the two others the motion of the distribution valve ; but 
in this case also two eccentrics only are very often applied. 

The number of the eccentrics, however, cannot at all be taken as 
a starting point for the classification of the different systems of 
motions ; should it appear desirable to classify the two sorts of 
motion — the motion with one valve and that with two valves — into 
subdivisions, the manner in which the expansion is governed would 
be the only base to start from, and both kinds of motion may then be 
divided as follows : — 

(a) Motions with fixed or unvariable expansion. 

(b) Motions with variable expansion. 

In motions of the first kind the cutting-off of the steam by the 
slide-valve takes place always at the same point of the stroke of the 
piston, while in the case of motions with variable expansion the cut- 
off may be effected at 'any point jof the stroke. The latter motions 
may again be distinguished according to whether an alteration of the 
expansion requires the stopping of the engine, or whether the alter- 
ation can be effected whilst the engine is running. But in the 
following pages no notice will be taken of the above-given classifi- 
cation, for a general view of the demonstration cannot be attained 
by it ; and all motions examined in the following pages, with the 
exception of the motion with one valve and a fixed eccentric first 
considered, are those which allow a variable expansion, and in which 
the alteration of the expansion may be effected during the running 
of the engine. 
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VALVE-GEARS WITH ONE SLIDE-VALVE. 



VALVE-GEARS WITH ONE SLIDE-VALVE. 



SECTION L 

SIMPLE VALVE-GEAR WITH FIXED EXPANSION. 



CHAPTER I. 
Description op the Simple Valve-gear with D Slide-valve. 

The inyestigation of the subject of valve-gears may be introduced 
by a description of the principal parts of a horizontal steam-engine, 
such as is represented in Fig. 1, PI. I. 

The motion of the piston B, is transmitted through the piston-rod 
B A to the crosshead A, and from this, through the connecting-rod 
A B to the pin B of the crank B. The reciprocating motion of 
the piston is thus converted into the rotary motion of the crank. 

The engine -shaft carries, in addition to the crank, the 
eccerdric sTiea/ue or eecentrie D, which is a circular disk whose centre 
E lies outside of the shaft centre ; the line joining the points 
and E makes a certain angle with the direction of the crank, and 
the length of this line is called the eccentricity. One end of the 
eccentric-rod F C encloses the eccentric with a ring called the strap^ 
while the other end C is jointed to the valve-rod of the steam-valve 
S. As a consequence of the rotary motion of the engine-shaft, the 
eccentric fixed to this shaft will cause the end C of the valve-rod to 
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have a rectilinear, reciprocating motion, as if the motion proceeded 
from a crank of a length equal to the eccentricity E of the 
eccentric. 

The valve moves within the steam-chest K, which is connected 
with the boiler by the steam-pipe, and is, therefore, constantly filled 
with fresh steam. The cylinder is provided with three steam 
passages Oi, o and Oq, two of them Oi and o, leading to the ends of the 
cylinder, and the third Oq communicating either with the atmosphere 
or with the condenser. The entrances (or ports) to these passages 
from the steam-chest lie in a plane called the valve-seat, upon which 
the valve-face slides to and fro. The valve is hollowed on the inside 
and is called a D'^alve, on account of its form. Now it is easy to 
see that fresh steam from the steam-chest will pass through the passage 
Ol to that end of the cylinder which is on the left of the piston C, 
so long as the valve is sufiSciently far to the right of its middle 
position. At the same time the steam to the right of the piston will 
escape from the cylinder through the passage o, and through the 
cavity in the valve to the exhaust-passage Oo, and from there to the 
atmosphere or condenser. On the other hand, when the valve is 
sufiSciently far to the left of its middle position, the steam will enter 
through the right-hand passage o, and will exhaust through the left- 
hand passage Oi ; in the latter* case the piston usually travels back- 
wards, that is from right to left, while in the former case it is moved 
by the steam from left to right ; the two passages Oi and o, therefore, 
regularly exchange their functions as entrance and exhaust passages. 

The travel of the valve is under all circumstances so chosen that the 
inner cavity is always in communication with the exhaust passage Oq. 
This is eflfected by making the eccentricity small, or the width of 
the exhaust-passage Oq large. Supposing these proportions to be 
correctly chosen, no further attention need be paid to this passage 
while investigating the distribution of steam in valve-gears, for the 
problem is then reduced to ascertaining how far the two steam-ports 
of Ol and o are open for the admission or discharge of steam when the 
piston stands in any position. 

But it may be shown that both of these port openings can be 
easily determined, when, for the given piston position, we know how 
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far the centre of the valve is from the centre of oscillation of the 
valve, i e. when we know the movement of the valve.* 

The piston positions are determined by the distances of the piston 
from the end of the stroke, that end of the stroke being chosen as a 
point of reference from which the piston is receding at the instant. 
These distances we will call piston positions, and will distinguish 
between the piston positions for the forward and for the return 
stroke. The whole problem to be solved in connection with both 
simple and complex valve-gears, may be briefly stated to be: the 
analytical or graphical determination of the relation hetween the piston 
position and the valve position {movement). 

But the whole problem may be divided into two parts, and the 
resulting method of treatment is the one which is exclusively 
followed in the present work. • 

A certain position of the piston always corresponds to a perfectly 
determinate position of the crank. If the piston B is at the left 
end Bj of its stroke (Fig. 1, PI. I.), the crank-pin R will be at Rj, 
i. e. at the first dead point, and if the piston has traversed the 
distance Bi B, the crank will have turned through the angle R^ R ; 
consequently there is a definite relation between the piston position 
and the crank angle, and this relation can be determined inde- 
pendently of the arrangement of the valve-gear ; its determination 
constitutes the fird portion of the problem. 

On the other hand, for the same crank angle the distance of the 
valve from its centre of oscillation will vary with the dimensions 
and arrangement of the ports of the valve-gear, there is, therefore, a 
definite relation between the valve position and the crank angle, 
and the establishing of this relation constitutes the second part of the 
problem. 

Expressed analytically, we can say that both the piston position 

* [In its most common acceptation, travel is synonymous with stroke, and is therefore 
not a snitable word for designating the variable distance of the centre of the valve from its 
centre of motion. In the present edition the term movement will be employed in place 
of travel (used in preceding edition) to designate this variable distance. Another term 
frequently occurring in valve-gear discussions is throw, by some writers it is treated as 
equivalent to stroke, by others to half-stroke, or to the radial reach of a crank, eccentric 
or cam. We shall use it in the latter sense. Throw is usually applied to rotating 
pieces, while travel is used in connection with sliding pieces, as pistons or valves.— Ed ] 

B 2 
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and the valve position can be represented as functions of the crank 
angle, and combining both equations and eliminating the crank 
angle, we get the direct relation between the piston and valve 
positions. 

Eelation between Piston Position and Crank Angle. 

If the piston B (Fig. 1, PI. I.) is at either end Bi or Ba of the 
stroke, the crank-pin will be at one of the dead points E^ or Eg, and 
the crosshead will be at one of the ends Ai or A2 of its stroke. K 
the crank has turned in the direction of the arrow through the 
angle EiOE, which we will henceforth designate by w, the piston 
will have traversed the distance Bi B, which distance we will desig- 
nate by 8 ; this same distance is also traversed by the crosshead A, 
and we may, therefore, in the following investigation, consider only 
the motion of the latter and may then easily determine the movement 
Ai A = s as follows. 

If we suppose the connecting-rod to occupy the position A E, 
and to be detached from the crank-pin E, and then turned about the 
fixed point A till the direction of the rod coincides with that of the 
stroke, then the end E, Fig. 1, will describe the arc E N, with the 



Fig. 1. 




length L of the connecting-rod A E as a radius ; E represents the 
length E of the crank. 

We now see that the distance Ei N represents the distance 8 
through which the piston has moved, and this distance is easily 
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represented by a formula. If we drop from the pin R the perpen- 
dicular B M on to the direction of the stroke, and for the present 
designate the rise M N of the arc R M by x, we have 

8 = B.N = OBi-OM-MN, 
or, 

« = B (1 — cos 0)) — X. 

This formula applies to the forward stroke of the piston, for the 
motion of the crank through the^r^ (^PP^f) semicircle. 

On the other hand, for the rettbm stroke of the piston, and for 
the motion of the crank through the aeeond semicircle, we estimate 
the crank angle co from the second dead point Ba, and estimate the 
distance Aa A', through which the piston has moved, from the end 
A^of its stroke. If we again describe, with the connecting-rod 
A B' = L, the arc B' N', and drop the perpendicular B' N' on to 
the direction of the stroke, we shall find for the distance through 
which the piston has moved on the rdiim stroke 

8 = BjN' = OEa - OM' +M'N', 
or, 

« = B (1 — cos 0)) + X, 

where x also represents the rise M N of the arc. 

K we unite these two formulas for s, we get the general equation . 

« = B (1 — cos Ü)) + Xj (1) 

in which the upper sign refers to the forward stroke, and the lower 
sign to the return stroke of the piston. 

To determine the value x, describe with the connecting-rod as a 
radius a complete circle with A or A' as a centre, this circle will 
have a diameter 2 L, and the perpendicular B M = B' M' = B sin © 
will be the mean proportional between the segments x and 2 L — a; of 
the diameter ; we therefore have the equation 

»(2L- a;) = B*sin«ü), (2) 
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and from this we get 

oj = L — VL* — B" sin* w, 

and then from equation (1) the distance of the piston from the end 
of the stroke, 



« = R (1 - coSü>) + L ± VL* - B'sin'o). (3) 

But this formula is not convenient for practical use, and we may 
therefore employ approximate formulas. The value of x is always 
very small in comparison with 2 L, and it may, therefore, be omitted 
in the parenthesis occurring in the left member of equation (2). We 
then have, with suflScient accuracy for all practical purposes, 

B* sinful 

^ = -Tl"' 

and substituting this in equation (1), we get this first approximate 
formula for the distance of the piston from the end of the stroke, 

■pa 

« = B (1 — cos Ü)) + -Y sin' CO . (4) 

These equations show the remarkable result, that the distance 
through which the piston has moved from the end of its stroke is 
different for the forward and return stroke, even when the angles 
through which the crank has passed from the dead points are equal, 
moreover the formulas show that this difference is greater the 
shorter the connecting-rod. 

When the connecting-rod is comparatively short, this difference 
causes inequalities in the distribution of the steam by the valve- 
gears, which are never wholly removed in the ordinary arrange- 
ment of the gears ; there is only one way of reducing this difference 
to a practical minimum, and that is to make the connecting-rod of 
steam-engines as long as possible; we therefore rarely find the 
ratio L : B less than 5. 

When the connecting-rod is suflSciently long, the value x in 
equation (1) may be neglected, and we then get the second approxi- 
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mate formula for the distance of the piston from the end of its 
stroke, namely, 

« ft R (1 - cos 0)).* (5) 

When equation (5) is employed, Ei M and Ea M', Fig. 1, represent 
the distances of the piston from the ends of the stroke when the crank 
angle is oi, and for equal crank angles these distances are equal on 
the forward and return stroke. These distances may be determined 
graphically for any position of the crank by dropping a perpendicular 
from the pin E on to the direction of the stroke ; the distance of the 
point M of the perpendicular from the ends of the diameter Ei Ea 
gives approximately the distance of the piston from the end of the 
stroke at the instant in question. This method will be employed in 
what follows. If an exact determination of the piston positions is of 
importance to the designer, he may easily obtain them, graphically 
or analytically, from what has been established above.f When this 
is done in connection with the following investigations, we can at 
once ascertain the hurtful influence on the distribution of the steam 
of too short a connecting-rod, and we can also see how a slight 
variation of the proportions of the valve-gear will remedy the defect. 
Moreover, it is worth noticing that the double sign occurring in 
equations (1), (3), and (4) disappears when the crank angle oi is 
not estimated separately for each semicircle, but from the first dead 
point E through the whole circle, and when the piston positions are 

♦ [The difference between this approximate formula and the exact one given by 
equation (1) is the quantity x, and its maximum value s= L — tjlß — B,^, Oon- 
aequently the maximum error made by using equation (5) becomes, for 
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t [The piston positions for various crank angles may also be found exactly from the 
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BELATION OF PISTON POSITION TO CRANK ANGLE. 9 

DiBTAKCB OF PisTON FJBOM Begikning OF Stbokb WHEN Stboke IS away from Obank-shaft« 
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10 SIMPLE VALVE-GEAR. 

not estimated from the ends of the stroke, htst from the middle of 
the stroke; if s„ is the distance of the piston from the middle, i.e. 
»„ = E — «, we have for ail crank angles 

««, = E cos CO + a:, 

in which equation we can substitute the exact value for x given by 
equation (2) or its approximate value. But it is not customary nor 
convenient to determine the piston positions in this manner, for, in 
discussing the admission, expansion, and compression of the steam in 
the cylinder of the engine, it is the distance of the piston from the 
end of the stroke that must be taken into account. 



EelAtion between Valve Position and Crank Angle. 

Theory of the Valve Motion. 

The determination of the relation between the valve movement, 
i.e. the distance of the valve from its middle position, and the 
crank angle, constitutes the principal problem in the theory of 
valve-gears ; before proceeding to establish the fundamental formula 
for the simple valve-gear, a few remarks are necessary. The engine 
arrangement shown in Fig. 1, PL I., is assumed as the basis of the 
discussion. 

If the axis C S of the valve-rod be prolonged, its direction will 
pass through the centre of the shaft, and the straight line HOC 
becomes an important line of reference. In the first place, it gives 
the direction in which the end C of the eceentric-rod moves with a 
reciprocating motion, and this direction must always pass through 
the centre of the shaft. We call this the valve direction; in the 
arrangement shown in Fig. 1, PI. I., this direction coincides with 
that of the valve, and the valve-seat is parallel to it; but this is 
by no means always the case, for the motion of the end C of the 
eccentric-rod F C is often transmitted to the end of the. valve-rod by 
a one- or two-armed lever. In such a case the end swings in an 
arc whose chord coincides with the line C. We will recur to the 
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last-mentioned case later, and will here assume that the motion is 
transmitted directly to the valve, as shown in the figure ; the case of 
indirect transmission can then be easily reduced to that of direct 
transmission. 

Let Z, Fig. 2, be the direction of the axis of the cylinder, and 
C the valve direction ; let a be the angle which these two direc- 
tions make with each other ; let B be the crank, O D = r the 
eccentricity, and D = Z the length of the eccentric-rod; let B 

Fig. 2. 




represent the centre of the valve, and C B = Zi be the length of the 
valve-rod measured to the centre of the valve. Now, if we suppose 
the pin B to be brought on to the dead point, i. e. the crank O B 
turned back through the angle co till the piston stands at the end of 
its stroke, then the eccentricity D will move to Do, and in this 
position will make with a perpendiotdar OY to the valve direction 
an angle Y Do = S, which plays an important part in the theory 
of valve motions ; this angle is called the angle of adva/nce. In this 
connection it is well to note that the angle 8 is entirely independent 
of the direction of the axis Z of the cylinder relatively to the valve 
direction O C, and that the latter angle a is only brought in when it 
is a question of determining the position of the eccentricity relatively 
to the crank, i e. when the angle Bi Do = B D is to be deter- 
mined ; in the present case it is evident from the figure that this 
angle amounts to (90° + S — a) ; but in accordance with the above 
definition of the angle of advance, the angle BOD and the 
angle a do not enter into the investigation of the valve motion, 
nor into that of the distribution of steam resulting from this 
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motion.* Now, in order to establish the fundamental equation, we 
will assume that the crank has moved from the dead point through 
the angle w, and consequently that eccentricity has moved from 
Do to D, and that the centre of the valve is at B ; the distance 
B of the latter from the centre of the shaft may then be deter- 
mined as follows : — 

If we drop the perpendicular D E on to the valve direction, and 
draw D F parallel to O E, we have from Fig. 2, 

'T 

OB = OE-EC + CB = DF+ VDC«-0F«+CB, 

or, 

OB = rsin (ü) + 8) + V/^ - r*oos» (w + 8) + \. 

This radical can also be written 



VZ* - r^cos« (ü) + 8) = l^l - ^cos« (co + 8), 

and the radical in the right member may be expanded according to 
the binomial theorem, and only the first two terms of the series need 
be retained, because the length I of the eccentric-rod is always very 
great relatively to the eccentricity r. We therefore have 

V r^-r»cos«(a> + ^) = Z (l - ^^ cos« (co + ^)) , 

and substituting this approximate value in the above equation for 
B we get, with suflScient accuracy for all cases, 

OB = r8in(«. + 8) + Z + ?.-ri^|i±*>. 

But by the nature of the arrangement, the centre B of the slide- 
valve must move, symmetrically backwards and forwards on either 

♦ [According to Bankine, angle of advance = phase of eccentric — phase of crank 

- 90°. When crank is at its first dead point, the angular advance = phase of eccentric 

- 90°, which agrees with the definition given above. The phase or angle of the crank 
is estimated from its first dead point and the phase of the eccentric arm from its first 
dead point ; usually these two reference lines (the ** dead points " of crank and eccentric 
arm) coincide, but cases occur in which they do not coincide, as in Fig. 2, where the 
direction of the valve-stroke is inclined to axis of cylinder. — Ed.] 
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side of a fixed point X in such a manner that the centre of the slide- 
yalve, at the instants when the crank is passing the points eo and 
180^ — (o, is at equal distances, but on opposite sides of the point X. 
Many designers adjust the slide-valve by bringing the crank alter- 
nately on its dead points, that is by taking oi = and a> = 180°, and 
then marking the two corresponding positions Bj and B3 of the centre 
of the slide-valve and fixing the centre X of the distance Bg B3 ; this 
centre X is the one from which the movement of the valve will be 
estimated, and must fall exactly in the middle of the exhaust-port. 
This method of proceeding is, as we shall show presently, also theo- 
retically the most correct one, and we shall apply it in order to 
calculate the position of X or the distance OX. If in the last 
formala for obtaining B, we for once make co = 0, we get 

rkT> -^,1,1 »^cos'S. 

2 I 

whilst if we make © = 180°, we get 

OBs= — rsmS+Zi + Z —^ — . 

The mean of these two values gives the distance of the centre of 
motion * X from the centre of the axle, 

OX = i + i.-*^«. ■ (6) 

But the whole object of an investigation of the motion of the 
slide-valve is to enable us to fix the distance of the slide-valve centre B 
from the centre of motion X, corresponding to any angular movement 
(0 of the axby or as we may say, to fix the movement of the valve for 
any erank angle ©. 

* [The centre of motion X should not be understood as centre of stroke of the valve, 

for this reference point X is at the distance — ^ — from the centre of stroke. When 

the length of the eccentric-rod is infinite (the case usually assumed in the formulas) the 
two centres coincide. — Ed.] 



14 SIMPLE VALVE-GEAR. 

According to Fig. 2, the movement of the valve is BX = O B — 
OX; calling this f and using for OB and OX the above given 
values, we get, after a few redactions, 

(P) g = rsin(ai+ ^) + ^,[oos«^-cos«(a> + 8)]. 

A transformation* of the quantities between the brackets gives 
f = r sin (d) + a) + ;r-^ sin (2 d + 0)) sin 0), 

or, by expanding the first term, 

(P) 5 = *• sin 8 cos (o + r cos Ö sin o) + —= sin (2 8 + w) sin w. 

If we make 

r sin 8 = A (7) 

r cos d = B, (8) 

A and B being constant quantities for any particular slide-valve 
gear, and 

r-y sin (2 8 -h 0)) sin o) = F, 

we get 

(r) f = A cos a> -I- B sin 01 -h F. 

The last quantity F is always very small, because I is always very 
great in proportion to r ; we will call this quantity, which may be 
neglected in almost all cases, the '^mimng quantity'* and will 
give it special consideration in another chapter. Neglecting this 
quantity, the formula becomes 

(I) f = r sin 3 cos m + r cos 8 sin w. 

Now we may state here, that it is a peculiarity of all slide-valve 
motions, the link motion as well as the simple motion, that the for- 
mula for the movement f of the valve (measured either to the right 

♦ [Since cos' ß — cos* a = sin (a + jS) ain (a — jB), we get by substituting 5 for ß and 
« + S for a : 008* S — cos* (» + 8) = sin (2 8 + «) sin «.— Ed.] 
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or to the left of the centre of the movement) can be always reduced 
to the general form of f = A cos © ± B sin © + F, in which A and 
B represent values which depend upon several dimensions of the 
gear, but are independent of the angle to through which the axle is 
turned, and which are therefore constant quantities which may be 
calculated easily for the simple valve motion, according to equations 
(7) and (8). The missing quantity F depends upon the amount of 
angular movement ; but the numerical value of it is, in correct and 
well-constructed valve-gears, so very small, that it may be almost 
always neglected. The movement of the valve is then, in general. 



(I*) ^ = A cos w ± B sin o). 



vX 



In investigating the formula (P) more minutely, we shall at first 
take no notice of the special values of A and B, and only use farther 
on the values A = r sin S, B = r cos S, which we have already found 
for the simple valve-gear. As we shall at a future time meet with 
valve motions in which B is negative, we shall examine— as already 
indicated by the manner of writing equation (P) — ^in the following 
discussion, the meaning of both signs. 

. The equation (I*) above given is (he pdar equation of two circles of 
equal diameter which tou>ch each other, it being supposed that the pole 
lies at the point of contact. 

In order to prove this, let be the touching point of two circles, 
Pig. 3, both described with the radius O = p, and let X be any 
straight line passing through the point of contact ; further, let 
0B= a and C B = fc be the co-ordinates of the centre of one circle ; 
then, if we express the radius vector O P of any point P of the 
circle by f , and the angle formed by this line P with the original 
position O X by 0), we have 

M =3 ^ cos 0), and M P = ^ sin o). 
K we now draw the line N parallel to X, we get 



CN« + NP = CP', 
or, 

(OM - OB/ + (MP - MN)* = CP; 
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which gives 

whence it follows that as a^ + V =/5^, 



SIMPLE VALVE-GEAR. 
({ cos 0) — of + (I sin CO — 6)* = p' ; 



yt 




f = 2 a cos Ü) + 2 b sin CO. 

Fio. 4. 



4^^' w.tv: - V't 




If the ordinate B C = & of the centre of the circle extends from 

B downwards, then, the centre C being below X (Fig. 4), h becomes 

negative, and .^ -^^ 

f = 2 a cos 0) — 2 b sin 0). 

Both equations are identical with equation (I"*), if 

2o = Aand2b = B; ^^ r^r/CJ--. A 

whence follows .;-..-*' 

« = |and6 = |.* •' (9), 

* The equation (I^) is, mathematically, the polar equation of a single circle, described 
in Figs. 3 and 4 from 0. This will be easy to prove, if the equation of the curve 
referred to rectangular co-ordinates is taken instead of the polar equation. If we put, 
in Fig. 3, O M = a? = I cos » and MP = y = | sin «, it follows from equation (P) : 

a^ + y* = Aa? + By, 

and this equation gives for each value of x only two values of y. This also confirms the 
polar equation (F) itself; for by substituting in the equation 

I = A cos « + B sin « 
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If, therefore, the values of A and B are known for a certain case, 

the centre C of the circle may be at once determined, and this 

serves to determine the movement of the valve, if the distance B 

A 
upon X measured from is made = a = — and the perpendi- 

B 
calar at B, or B C = 6 = — . The radius of the circle is found 

without any further difficulty : 

p = V^M^ = \ Va«+b«. (10) 

It will be seen from the above, with what facility the valve move- 
ment f may be obtained for any angle X P = « of the crank,: this 
valve movement is simply the radius vector P corresponding to that 
angle. If, therefore, the centre of the corresponding circle passing 
through can be fixed, which is always very easy, as will be seen j 
from the following, the movement of the valve, or the distance 
between the valve centre and the centre of movement for each 
position of the crank can be measured directly from the figure. 

After the above statement, we may examine immediately a few 
general relations between the movement ^ of the valve and the an- 
gular movement 0), considering that the values of A and B are still 
certain constant ones, which depend upon the kind of valve-gear. 

If the crank is at the dead point cd = 0, it follows from the 

equation 

f = A cos CO + B sin w, 

that 

f = A; 

or as, according to the above, B = a = -^ (Fig. 3), 

09 + 180° for «, it follows 

I = — ( A cos « + B sin «) ; 

the radios vector O Pq, in Fig. 3, must therefore not be drawn from O in the direction 
O Po, bat in the negative direction, i. e. again towards P» and therefore leading again to 
the circle described from the point 0. The admission, however, that we have to deal 
with two circles touching each other, facilitates greatly the study of the laws according 
to which the movement of the. slide-valve takes place in the different valve-gears. 

O 
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The line Fi therefore give$ at once the movement of the valve at 
the "beginning of the stroke of the piston. If cu = 180^ i. e. if the crank 
is at the other dead point, then 

or, according to the figure, f = Pa, where Pa signifies the point at 

which the second circle cuts the line X. The movement of the 

valve is = m7, or the valve is in its central position if 

= A cos 0) ± B sin Ü), 

or if _ A _ a 

tana, = + 3 = +^. 

The upper sign is taken if the centre of the circle lies above 
X (Fig. 3). 

But from the condition 

tan o) = — =■ > 



it appears that the corresponding angle may be very easily found if 
a line S is drawn through and at right angles to C ; the angle 
SOX shows therefore the angle at which the crank stands "before the 
dead point, when the slide-valve is in the central position. If the 
centre lies below X, as really happens in some valve-motions, 

which will be examined later, it is 

a 
tan 0) = + •=■ > 



in this case also the required angle S X is found by dropping the 
perpendicular S from O upon C (Fig. 4). The maximum move- 
ment of the valve ^ is found from the equation : 

f = A öos (i> ± B sin (Ü ; 
by differentiation 

-? = — A sin 0) ± B cos CO = 0, 
act) 

tano) = ± T = ± -> 
A a 

i. e. the corresponding angle a> is that which the line G (Figs. 3 

and 4) forms with X, or X ; the valve movement iteelf is in 

this case 

OR = 2p= Va« + B«. 
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If finally the crank is at right angles to the line of motion of the 
piston, i e. if it has moved 90° from the dead point, 
f = Aoos90°± Bsin90°= ± B. 

If therefore, in Fig. 3 or 4, P3 is perpendicular to X, P3 = B 
indicates the position of the valve when the crank is at right angles 
to the direction of the motion of the piston. 

By all this it appears that it is only necessary, in order to ascertain 
the distance of the valve from the centre of its stroke for different 
positions of the crank, to describe one circle from the point ; if P 
is produced above as far as Pq, then Pq = P ; as now Po 
expresses the distance of the valve from the centre of its stroke for 
(180° + 0)), it is only necessary on account of the equality of P and 
O Po to fix P, or to describe one circle. In the same manner the 
case represented in Fig. 4, which occurs under the supposition that 
the second quantity in the equaüen, 2'-.. 4»<* ^^^Ärr/T''^ £v**^>*"^ 
^ = A cos (0 ± B sin (tf, 

is taken as negative, may be easily referred to the case shown in 
Fig. 8, the two cases differing only in that the angular movement 
of the crank takes place in opposite directions. The angles a> 
are in Fig. 3 to be laid off from *0 X upwards, and in Fig. 4 from 
O X downwards. If A and B are in both instances equal, the same 
will be the case with P for equal angles o>. It is therefore 
not necessary for us to take any further notice of the sign of the 
second quantity of the above equation in the following general 
inyestigation. 

We shall now apply the results above obtained to the simple valve- 
motion, in which, according to equations (7) and (8), 

A = r sin 8, 
B = r cos 8. 

The co-ordinates of the centre of that circle whose chords give 
directly the movement of the valve (Fig. 3, p. 16) are, according to 
equation (9), 

0B = a = --=-rBin8, 
z It 

B 1 
and BC = 6 = - = -rcos8, 

c 2 
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therefore the radius of this circle, which we wQl now call the '* valve 
dreUy^ is 



and its diameter 



CO=p = ^VA« + B* = ir, 



OB = 2p = r; 



i. e. in the simple valve-motion the diameter of the valve circle is eqtial 
to the eccentricity r. 

The angle COY, formed by the diameter of the valve circle with 
the vertical O Y, is next found (Fig. 3) : 



whence 



ZC0Y = 8, 



or in words : the required angle is equal to the angle of advance. 

From what has been already stated, it will be seen with what 
facility the law of the slide-valve motion, if the valve is driven by an 
eccentric, may be laid down graphically. Had the problem only been 
to find the law of the movements of the simple slide-valve gear with 
one eccentric, the results of the calculation last given might have 
been obtained in a much shorter way, as follows : — 

Let O Y in Fig. 5 be a perpendicular let fall from the point O 
upon O X, the direction of the valve- face ; then draw from O a line 

O D = r = the eccentricity, this form- 
ing with the perpendicular OY the 
angle YOD = S the angle of ad- 
vance; and next describe, with OD 
= r as diameter, a circle, which will 
be the valve circle. Let the crank be 
in the position OX, or on its dead 
point, and from there let it be turned 
through the angle X R = ©, then 
the length P gives at once the distance of the valve from its central 
position when the crank angle = a). 



Fig. 5. 
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Neglecting the ^ missing quantity," equation (I*) gives the valve 

movement 

f = r sin (<ö + 8). 

Drawing in Fig. 5 the line D P, the angle D P is a right angle, 
while the angle D O P in triangle D P is found to be 90° — (© + 8), 
and since O D = r, we at once see that 

OP.= rcos[90°-(ü)+8)], 
or 

P = r sin (o) + 8) = fc 

which was to be proved. 

If the equation for the movement of the valve is given in the form 
f = A cos Ü) + B sin w, 

as we above supposed, and as is the case in a number of valve-motions 
which we shall examine later on, and in which the constant values of 
A find B are not only dependent upon r and S but also upon the 
dimensions of other parts of the valve-gear, then make in Fig. 5, A 
= A and O B = B, and draw a circle through the points 0^ A, and 
B ; such a valve-motion, whatever the nature of its mechanism, then 
works exactly Uke a simple motion, in which the eccentricity of the 
eccentric D = r and the angle of advance Y D = 8. If the 
movement of the valve is represented by the last-given equation, then 
the valve-motion may always be reduced in the manner indicated to 
a simple valve-motion ; a fact of which we shall make use hereafter. 

Besides this, the simple diagram also gives the meaos of repre- 
senting the velocity of the slide-valve. The velocity of the slide- 
valve varies,^ and the manner in which this variation takes place 
may be seen from diagram Fig. 5, by noticing how the radius 
vector P alters with the angle X E = a>. It is evident that the 
valve moves very slowly, in fact almost stands still, when it is near 
the end of its stroke, i. e. when the crank stands near the direction 
O D ; but on the other hand, when the crank is in the position O E 
(perpendicular to O D), the valve has its greatest velocity, and this 
occurs when it is near the middle of its travel or stroke. 

The law which governs the variations of velocity, is also very 
easily demonstrated in a graphical and analytical manner. Let the 
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crank turn with the constant velocity € ; then if, at the moment in 
which the crank passes through the dead point, we begin to count the 
time t; we have 

(I) = c f , 

whence follows by substitution in the general formula for the travel 

of the valve 

f= Acoscf-j-Bsincf, 

and from this the velocity v of the valve at the time <, 

« = j- = — Acsinc^+Bccosc«, 

or 

» = — A € sin w + B € cos 0), 

from which the velocity of the valve may be calculated for any 
angular position of the crank. If the valve-motion is considered to 
be reduced to a simple one, then put A = r sin S and B = r cos S, 
and the velocity of the valve becomes 

i;= — r€8in^sin(i) + ''c cos S cos o), 
and this is the polar equation of two circles O E and Ej (Fig. 6), 
whose diameter r € is perpendicular to the centre line of the eccentric 
FiQ 6 D =r r. At the position 

E of the crank, i.e. when 
the angular motion = co, the 
movement of the valve from 
its central position is OP, 
while the radius vector O Q 
represents the velocity v of 
the valve at that moment. 
The law for the variations 
of velocities can now be seen 
clearly ; at the positions of 
the crank D and Di the 
velocity is nü, i.e. the valve 
stands still momentarily (at 
the greatest distance from 
its central position), and at the positions E and Ei of the crank 
(at half-stroke) the valve has its greatest velocity r e. 
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Practical Application 

We shall at first take an existing simpI^i|j|^|£U^t|jp^iiffl show 
the manner in which the distribution of steam is to be ascertained 
from the dimensions of the parts of the valve-gear. 

The amount of eccentricity D (Fig. 2) = r, as well as the angle 
DOY = By may be taken as given. With these values as a base^ we 
shall first describe the movement of the valve and show how far it is 
from its central position for any given angular movement <o of the 
crank from its dead point. This distance or movement of the valve 
is designated by ^. 

Draw the system of axes X and T (Pig. 2, PI. I.), O X being 
supposed to coincide with the direction of the valve-rod or of the 
valve-face. Draw from a line Z, so that Y Z = S = angle of 
advance, and make part Po of Z, as well as part Qo of the pro- 
longation of O Z, equal to the given eccentricity r ; on these patts as 
diameters describe circles ; these are the so-called vcdve circles which 
explain the movement of the valve in the following manner : — 

If we suppose a crank to occupy the position OX or R, when 
the actual crank just passes through the first of its dead points, then 
if both cranks are turned through the angle q>, so that the imaginary 
crank comes into the position Bi, that part P of the line O Bi 
which lies inside the valve circle, at once represents the movement 
of the valve = f ; i. e. the distance through which the valve has 
moved from its central position while the actual crank has travelled 
through the angle to from its dead point. The figure gives for the 
angular movement X Q = 180° + a> the same value for f , but the 
■ value is in this case negative ; for the centre line of the crank here 
cuts the second circle described from G in such a manner that Q == 
OP. The upper circle represents therefore the movement of the 
valve to the right of its central position (see Fig. 1, PI. I.), the lower 
circle that to the left* The results for both directions are the same, 

* [To determine whether the valve is to the right or left of its central position while 
the imaginary crank is intersecting a particular valve circle, we lay off the eccentricity 
in advance of the imaginary crank and notice whether the eccentricity is respectively to 
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and we have therefore only to examine the upper circle. Before 
proceeding any further with our investigations, we may state that 
the figures shows everything fvM size^ and that the eccentricity is 
supposed to be taken as Po = r = O'OeO"* (almost exactly 2^"), 
and the angle of advance YOP = 8 = 33°. In order to ascertain, 
therefore, how £a,r the valve has moved to the right of its central 
position at the corresponding position of the crank, it is only neces- 
sary to measure the distance P, If the crank stands at the dead 
point, it occupies the position O B, and then the distance of the valve 
from its central position is equal to O Pi ; in the present case this 
distance O Pi = • 030" (almost 1^"). 

If the crank has turned so far that the chord P becomes equal 
to the diameter, then the valve is farthest from the centre of its 
stroke ; it will be seen from the figure that such is the case when 
the crank is in the position Po, or as moved from the dead point 
through the angle Po X = 90° - & A perpendicular Bo dropped 
upon the line Po Qo at the point O does not cut the circle, and the 
chord P becomes therefore = nil, the valve being just in the 
centre of its stroke when the crank occupies the position O B©, 
i. e. when it stands as much as the angle B Bq = S before the dead 
point. Suppose the crank is turned from O £ in the direction of the 
arrow, it will easily be seen by the figure that the chords which 
represent the movements of the valve increase quickly from O, while 
they vary but little when the crank is near the position O Po. The 
slide-valve travels therefore very quickly towards the middle of its 



the left or right of the vertical O T. Howeyer, when the diagram has once been drawn 
for a particular case, there will be less liability to confusion and error if we dispense 
with Üie imaginary crank by supposing the engine viewed from the side which shows 
the actual crank rotating in the same direction as the radius vector (see Figs. 3' 
and 4) ; for example, when the engine shown in Fig. 1, PI. I. is viewed from the side 
opposite to that given in the figure, the actual crank and piston directions will be exactly 
like those indicated by the arrows in the diagrams of Fig. 2, PI. I. ; when the engine 
is thus viewed the upper valve circle represents the movement of the valve to the left of 
its central position. 

Some writers have the actual crank directions intersect the valve circle by drawing 
the latter on that side of the vertical- O T which is opposite to that given by Piof. 
Zeuner; this, however, requires that the polar co-ordinates be estimated differently 
from what is customary, and is therefore liable to lead to confusion in the analytical 
investigations connected with valve-gears. — Ed.] 
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stroke ; but its movement takes place very slowly near the ends of 
the latter. This fact^ known long ago, is of great importance, and it 
exercises great influence on the whole distribution of the steam. 
The figure plainly shows also the influence of the angle of advance, 
and of the amount of the eccentricity upon the movements of the 
valve corresponding to certain positions of the crank. If, for ex- 
ample, the eccentric were fixed without any angular advance, 8 would 
= 0, and the diameter Po would fall upon the vertical line Y. 
If therefore the crank were on its dead points, the slide-valve would 
be just in its central position, and it would be most remote from 
the latter when the crank had turned through the angle 90° and 
270°. The following will show that the distribution of steam thus 
efiected would be unsuitable, and therefore such a case seldom occurs. 

If we take 8 = 90^ Po will fall on the line O X ; i.e. the valve 
will be farthest from its central position when the crank stands at its 
dead points, and the valve will occupy its central position when the 
crank has moved through 90° and 270°. Observations respecting the 
alterations in the movement of the valve may be made with equal 
facility, if the eccentricity r alone, or r and S simultaneously, be 
altered. 

Now in practical investigations the main problem is not to 
ascertain the valve movement for difierent crank angles, but to 
ascertain the distribution of the steam when certain dimensions of the 
valve-gear are given, or, vice versa, 
to determine the valve-gear dimen- 
sions when the distribution of the 
steam is assumed. The dimensions 
referred to include not only the 
eccentricity r and angle of advance 
5, but also dimensions of the valve 
itself; these we will now examine. 

In Fig. 7 the valve is shown in 
its middle position, i.e. when the valve 
centre is just passing the centre of 

motion X. The two admission-ports o and Oi are separated from 
the exhaust-port Oq by the fixed bars or bridges A A. 



Fig. 7. 
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It will be seen that the isuoe of the slide-valve not only com-* 
pletely shuts the two steam-ports, but that it extends at each end for 
a certain amount beyond the openings. This amount e is called 
outside lap, or more frequently simply lap. On the other hand, the 
face extends also partly over the bridges A for a distance i; this 
amount is called the inside lap. The outside and inside laps, and 
the width a of the steam passages o and Oi, are the additional (valve) 
dimensions which we must introduce into the following investigations. 

If the valve has moved as much as f (Fig. 8), and if we have 
thereby obtained the opening of the port for the admission = ai, we 

at once get, as will be seen 
from the figure, the equation 

e + «i = 5, 

or the opening of the port is 

«1 = f - «, 

if the outside lap e is known. 
But the valve has at the same 
time opened the other port as 
much as «2 for the discharge 

of the steam, and we get in this case, as is also shown by the figure, 

the relation 

« + Ö« = f , 




or 



«a =: f - t. 



These two equations for a^ and Oj at once give the size of the 
openings for the admission and for the release, as soon as there is 
fixed, according to the method above explained, the movement of the 
valve for any angular movement w of the crank. It is only necessary 
to subtract in the one case the outside lap e, and in the other case 
the inside lap i, from the movement of the valve to get the required 
opening. If it is desired to find these openings by construction, then 
they may be obtained in a simple manner, as follows : — 

We have found that for any angular movement XOP = a) 
(Fig. 2, PL I.), the movement of the valve is equal to the radius 
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vector O P. Now the size of the opening for the admission of the 
steam for this position is obtained by subtracting the outside lap e 
from f ; and therefore by describing from the point a circle 
Vi V Vj with the radius V = e, the distapce P V gives at once the 
opening of the uteawrport corresponding to the angular movement 
POX = a>. 

Describing in the same manner from O, with the radius W = i, 
the circle WiW W2, it follows that the part P W of the radius vector, 
orOP— OW = f — e; in other words, it is equal to the width of 
the opening of the other port for the exhaust. , 

As the figure is drawn full-size, and as the eccentricity r is sup- 
posed to be = 0-060"" (0 Po), almost 2H", the outside lap O V = 6 = 
024°^ (-94"), the inside lap 0W = * = 0-007« (-27"), and the 
angle of advance Y O Po = S = 30^ the dimensions P, P V, P W, 
may be taken directly from the figure. 

If the crank stands at a dead point, for instance at O B, so that 
the piston is at the beginning of its stroke^ the travel of the valve = 
OPi, the opening for the exhaust is Pi Wi, and the opening for the 
admission of the steam is PiVi. As is known, the opening of the port 
for the admission of the steam at the beginning of the stroke of the 
piston, or Yi Pi is called the outside lead, or the lead on the steam 
side ; but the opening of the other port for the exhaust at the begin- 
ning of the stroke of the piston, or Wi Pi, is called the inside lead, or 
the lead on the exhaust side. 

For our special case, as may be immediately ascertained by 
measurement, the outside lead ViPi = 0-006° (-236"), the inside 
lead Wi Pi = 0-023"^ (-905"). The largest opening of the steam- 
ports occurs when the valve has travelled the greatest distance from 
its central position, i. e. when the crank stands in the position O Po ; 
therefore the largest opening of the port for the admission of the 
steam is PoVg (0*36"^ = 1-417"), and the largest opening for the 
exhaust is P0W5 (0-053°" = 2-08"), supposing the ports (or passages) 
themselves to have so great a width. 

But Fig. 2, PL I., also answers all other questions. The ques- 
tion as to the poijjitions of the crank when the admission of the 
steam begins and eix^, can be answered in the following manner : — 
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Fig. 9. 




At these moments the valve occupies the position shown in Pig. 9, 
where the valve has moved from its central position for a distance 
just equal to the outside lap e, i. e. f = e. If we now return to Fig. 2, 
PI, L, we find that the principal circle round cuts the circle 
described with the outside lap as a radius, in V3 and V4; and 
connecting both points with O and producing the connecting lines 

backwards to the circle which is 
described by the crank-pin, these 
lines will give the position of the 
crank at the two moments at which 
one outer edge of the valve is just 
at the outside of the port, or, in 
other words, at which the admission 
commences and terminates. 

Thus E3 is the position of 
the crank at the beginning of the 
admission of the steam ; and it has therefore to pass through the 
angle E3 E before reaching the dead point 

Moreover, E4 is the position of the crank at the end of the 
admission of the steam, and the angle E3 E4 shows at the same 
time the arc through which the crank passes during the admission. 

It is more convenient to know the positions of the piston corre- 
sponding to these positions of the crank. To ascertain this, drop 
from E3 and E4 perpendiculars upon X. In order to avoid covering 
the figure with too many lines^ a line H K has been drawn parallel to 
X, its length being made equal to the diameter of the crank-pin 
circle, and consequently to the stroke of the piston. Letting fall now 
from E3 and E4 the perpendiculars E3 H3 and E4H4 upon HK, H3 gives 
us the position of the piston at the beginning of the admission of 
the steam, and H3 K the distance of the piston at that moment from 
the end of its stroke ; H4 also gives the position of the piston at the 
end of the admission of the steam ; the ratio between the distances 
K H4 and K H represents therefore the degree of expansion or cut off. 

The questions with regard to the exhaust can be answered in an 
equally ready manner. Fig. 10 represents the valve in the position 
which it occupies when the exhaust is either just beginning or just 
ending, the valve having in this case travelled the distance ^ = i 
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from its central position. From Fig. 2, PI. I., it may be seen that 

this equality of f and e takes place in the position corresponding to 

the two intersections W3 and W4 of the circles Pi P P« and Wi W W2. 

Connecting therefore W3 and W4 with O, and producing this line 

backwards until it meets the circle described by the crank-pin, we get 

at O Eß the position of the crank, 

and at H5 the position of the piston 

at the beginning of the exhaust. 

The exhaust therefore begins when 

the crank stands at the angle £ B5 

before the dead point, or when the 

piston has still the distance H5 E 

to travel before reaching the end 

of its stroke. 

O A« gives the position of the 
crank at the end of the exhaust and He the position of the piston 
at that moment. The ratio of £ He to E H represents the per- 
centage of the stroke occupied by the exhaust. 

It is readily seen that while the crank passes through the angle 
B4 O Ee, or while the piston travels the distance H4 He, the steam 
expands in the cylinder end nearest the shaft and exhausts from the 
cylinder end which is farthest from shaft. When the crank has 
reached the position Be, the compression of steam will commence 
in the cylinder end farthest from shaft. 

While the crank-pin is moving along the arc Be B7, expansion 
takes place in the cylinder end nearest the shaft, and compression 
in the end farthest from shaft. 

If O E3 is produced as far as Bs, Bg will represent the position 
occupied by the crank when the admission of steam begins at the 
cylinder end farthest from shaft; therefore, while the crank-pin 
passes through the arc Be Bg, compression of the steam takes place 
in th,e cylinder end farthest from shaft. 

All that has been said applies to the stroke of the piston away 

from the crank-shaft, and for the investigation of the opposite stroke* 

* [As the exhaust from one end of the cylinder begins shortly before the commencement 
of a new stroke and ends after this stroke is weU advanced, we refer this exhaust to the 
stroke during which it mainly takes place. This is also true of the admission. Bearing 
this in mind, the above paragraph will be found to contain no contradictions.— Ed.] 
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it is only necessary to produce the chief centre lines of the crank 
Rs, R3, O B4, Re past O until they again meet the crank-pin 
circle. Thus R7 lies on the prolongation of Rs, and E» represents 
the position of the crank at the beginning of the exhaust &om the 
cylinder end nearest the eranh-shaft when the piston is moving avxiy 
from this shaft. 

In order that the figure may be understood more readily, all the 
different occurrences are inscribed on it; the explanations outside, 
around the crank-pin circle, relate to the distribution of steam in the 
cylinder end nearest the crank-shaft, whilst the explanations written 
inside the circle relate to the distribution in the cylinder end farthest 
from crank-shaft. 

In the manner already stated, i. e. by dropping from the 
different positions of the crank-pin perpendiculars upon the lines 
H K and Ho Kq, the positions of the piston shown upon the 
first of these lines are those corresponding to the motion of the 
piston away from the crank-shaft, whilst upon the latter line are 
marked the positions corresponding to the motion towards the crank- 
shaft. 

In fixing the positions of the piston in the above manner, no 
notice has been taken of the influence of the length of the con- 
necting-rod ; if, however, it is desired to allow for this influence, it is 
only necessary to consider that Ri R B4 is the crank-pin circle, and 
O Xi the direction of the piston-rod. In proceeding therefore in an 
exact manner, we have to take the length of the connecting-rod as a 
radius, and with the different points R, Ri, R4, Be .... as centres, 
describe arcs cutting the line Xi produced. The points of inter- 
section then give the positions of the piston exactly for the chief 
positions of the crank. For want of space, we have chosen on the 
Plate the more simple but less exact method of fixing the positions 
of the piston.* 

It is scarcely necessary to point out how easily the influence of 

* [Without taking up any more space, we can, by multiplying the tabnlar qnantitiea 
given on pp. 8 and 9 by the diameter of the crank-pin circle assumed in the diagram, 
get exactly the piston positions corresponding to the principal crank positions and to 
the given ratio of connecting-rod to crank. — Ed.] 



PRACTICAL APPLICATION OP THE DIAGRAM. 31 

the inside and outside lap, of the angle of advance, &e,, Ac, may be 
perceived from Fig. 2, PI. I. For example, make the outside lap 
smaller than O Y, then the circle, described with a radius equal to 
the new amount of outside lap (not shown in the figure), will cut the 
circle described &om the centre C in points of the circumference 
of the latter which are nearer to O than V3 and V4. Again con- 
necting both points of intersection with 0, the two connecting lines 
will form a larger angle than OV3 and OV4, i.e. admission of 
steam will take place during a longer time and the expansion will 
be less. 

Let it be supposed, as another example, that there is no inside 
lap at all, the circle W W2 W4 will then disappear altogether, and a 
continual exhaust take place. 

In order that, at the beginning of the stroke of the piston, steam 
may already be on the driving side of the latter, the port for the 
admission of the steam must at that moment be open, and we have 
seen that Yi Pi at once gives the size of this opening. It will be 
seen from the figure that in order that this condition may be fulfilled, 
O Yi must be less than Pi, i. e. the outside lap must be smaller 
than O Pi. 

If no outside lap were given, a continual admission of steam would 
take place, and the admission would always change at the moment 
when the valye passed the middle of its stroke, or when the crank 
was in the position Bq. 

The alterations which occur in the distribution of the steam, if 
some of the dimensions r, 2, e or e are altered separately or together, 
will be so easily seen from the simple diagram, that it is unnecessary 
that we should refer to it further here. We may, however, make one 
remark as regards the width of the steam^ports ; viz. that it is very easy 
to fix, by means of the diagram, the moments at which the ports are 
fully open for the admission or for the exhaust of the steam, or at 
which the ports just begin to close. Fig. 11 shows halfnsdze the 
principal parts of the diagram Fig. 2, PI. I. Lay out from Y on 
O Po the distance V M = a = the width of a steam-port (which is in 
this case a = 0*030", or 1*18"), and also from W the same distance 
W N, so that W N is also = a. Next describe from O circles with 
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Fig. IL 




M and N as radii, and it will be easy to understand the correct- 
ness of the following : Take the points where these circles cut the 
valve circle, and then Mi will be the position of the crank when 
the port for the admission of steam is just fully open, and M2 the 
crank position when the port just begins to close. While the crank 

passes through the arcs Mi O M2, 
the admission port is wide open. 
MPo shows, half-size in Pig. 11 
and full-size in Fig. 2, PI. I., 
how far the outer edge of the valve 
has gone beyond the inner edge 
of the port at the time of largest 
opening. 

The same process is applicable 
to the exhaust. When the crank 
is in the position O Ni the port is 
fully opened for the exhaust, and 
it remains .so until the crank 
arrives at the position Nj. 
It has been objected to the diagram that, for the positions in 
which the valve is near the middle of its stroke, the crank direc- 
tions intersect the valve circle at very small angles, and therefore 
do not determine the points of intersection with sufficient exactness. 
The objection is unfounded. For example, if the crank positions 
E4 and Eg (Fig. 2, PL I.) for the beginning of expansion and 
compression were given, and if the intersections V4 and W4 were to 
be found for the purpose of determining the outside lap V4 and 
inside lap W4, then the figure shows that the intersections do take 
place at very small angles ; but in such a case it is only necessary 
to let fall, from the extremity Po of the valve-circle diameter O Po, 
the perpendiculars Po V4 and Po W4 on the directions K4 and 
Eß, and then the resulting intersections V4 and W4 will be deter- 
mined with sufficient exactness. 

The preceding investigation shows how all the details in the 
distribution of the steam, eflfected by a simple valve-motion, may 
be quickly and correctly ascertained by the diagram ; and it only 
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remains for os to show how to determine the dimensions for a yalve- 
gear so as to satisfy certain conditions with r^ard to the distribution 
of the steam. 

Solutions of a few Problems. 

Problem 1. — "In a simple slide-valve gear let the eccentricity 
r= 0-060" (2-3") and the angle of advance 8 = 30°. Let the 
admission of steam take place whilst the piston travels 0*8 of its 
stroke, and let the exhanst begin when the piston has still 0*04 of 
its stroke to traveL It is required to find the inside and outside 
lap, the inside and outside lead, the greatest opening of the steam- 
ports, &c., &c." 

Ä>Ztrfwm.— Draw the two axes X and O T (Pig. 3, PI. I.) per- 
pendicular to each other ; lay off from Y the angle T Po = S = 30®, 
and make Po = r = • 060» (2 • 36") ; bisect Po in C, and describe 
from C, with = Po as a radius, the valve circle. Next describe 
from O, to any scale, the circle E E4 Eo, which represents the path 
of the crank-pin. In. the diagram we have taken E Eo =: O'lOO". 
Now if we suppose that the crank turns in the direction of the arrow, 
and that the piston travels away from the crank-shaft (Fig. 1, PI. I), 
the exhaust will have to begin in the cylinder end farthest from 
crank, whilst the piston is still distant from the end of its travel 
as much as 0*04 of its stroke, thus in the figure this distance will 
be 0-04 multipUed by 0-100 = 0*004» (-15"). Therefore, if we 
make EH3 = 4"*" ("15"), erect the perpendicular H3 E3 meeting 
the crank-pin circle in E3 and draw E3, this line will represent the 
position of the crank hefore the dead point at which the exhaust 
begins. The line O E3 cuts the valve circle at Ws» and W3 is th(B 
required inside lap. 

It is required that the admission of the steam shall cease when the 
piston has passed through • 8 of its stroke. Making therefore E H4 
= 0-8 X EEo = 0-8 X 0-1 = 008"^ (3-15"), and erecting the per- 
pendicular H4 E4, we get by drawing the line E4 the position of the 
crank at the end of the admission of the steam, or at the beginning 
of the expansion. This line O E4 cuts the valve circle at V4, so 
that O V4 gives at once the required outside lap e. We must next 



34 SIMPLE VALVIWJEAR. 

describe from circles with the inside lap W3 = i and the outside 
lap V4 = e as radii, and the whole problem is solved, for we have 
at once all the required quantities; viz. if we put together the 
measurements as taken from Fig. 3, PI. 1. : 

Outside lap OV4 = 0-024- (0-94") 

Inside lap OWs = 0-007» (0-27") 

Outside lead P^V» = 0-006» (0-23") 

Inside lead P^W^ = 0-023'» (0-903") 

Greatest opening of the porti p y ^ Q.Qgg« n.4^2") 
for adnüssion i ^ 

At the same time, answers, as with Fig. 2, Plate I., may 
be obtained to all other questions regarding the distribution of 
steam and the positions of the piston, but we cannot repeat them 
here. 

To find a general and analytical solution of this problem, it 
would be necessary to proceed as follows : Let «1 be the travel of the 
piston during the admission, i. e. up to the beginning of the expansion, 
B = the radius of the crank, and 6)1 = the angle through which the 
(»rank has turned, measured from the dead point up to the beginning 
of the expansion, then there exists (supposing that there is a long 
connecting-rod) the relation 

«1 b: B (1 - cos Oh), i;^ d t i; ! . : . ' - 

but the full travel of the piston is 

' ^ '** • - 
» = 2B. 0.'.^-, ,^..|, . '■ ' ■ ■ 

From this follows, by division, the degree of expansion 

«t 1 — COSCDi . -1. ' 

7 = — 2 — = ^"^ 2 "**' 

and the angular movement coi up to the beginning of the expansion 
is therefore calculated from the degree of expansion according to the 
formula 



sm 



^"• = \/r 
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Next let the travel of the piston up to the beginning of the 
exhaust be represented by 8^, and the corresponding angular move- 
ment of the crank by w^, we then get in the same manner 

. 1 A 

But the movement of the valve for the angle <o is, in general, 

^ s r sin (u) + 8). 

At the beginning of the expansion it is ^ = e,Ba was found by the 

diagram, and at the beginning of the exhaust^ i. e. for a = a>3, it 

is I = — t, and we obtain at once (as r and S are considered as 

known), for the calculation of the outside and inside lap, the two 

formulas 

€ = r sin (<i)i + 8) and t = — r sin (<ü8 + 8). 

At the beginning of the stroke o = 0, and therefore the travel of 
the valve f = r sin 8, whence may be calculated the outside lead = 
r sin S — 6 and the inside lead = r sin S — t. 

Problem 2. — " The radius r of the eccentricity and the angle of 
advance S are to be determined for a slide-valve gear with one 
eccentric, when the dimensions of the valve (i. e. the inside and out- 
side lap, or i and 6), the degree of expansion ^, and the opening of 

8 

the entrance-port at the beginning of the stroke of the piston (i. e. 
outside lead v), are given. For instance, let e be taken = 0*024°' 

(•94"); i = 0-007" (-272^); v = O-OOB«» (-23"), andi^ = 0'80." 

8 

Solution. — The solution is reduced to the ascertaining of the 
position of the centre C of the valve circle (Fig. 3, PI. L). If this 
position is known, then = ph the half of the required ecceti< 
tricity, and the angle Y G = 8 is the angle of advance. 

Let the point be taken as centre of the axle, draw X and 
perpendicular to it Y ; describe now from 0, with the outside lap 
6 = 0-024» (-94") and the inside lap i= 0'007- (-272") as radii, 
the circles Vi V V* and Wi W W* ; then describe also from 0, to any 
other convenient scale, or preferably with the radius 0*050" (1-97") 
a circle, which represents the crank-pin circle (B B« Bo). 

D 2 
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According to the problem, the distribution of steam shall be sach 
that the degree of expansion - = '8 ; in fixing therefore the point 

8 

H4 in the diameter E Eo so that E H4 : E Eo = «1 : », H4 will give 
the position of the piston at the end of the admission of the steam ; 
as in the present case a = 0-100" (3 '93") it is simply necessary to 
make «1 = E H4 = 0-080"^ (3-15"); and drawing from H4 the per- 
pendicular H4 E4, a line E4 will represent the corresponding 
position of the crank. 

The line E4 cuts at V4 the circle described with the outside lap, 
and that is, as is known from preceding remarks, a point through 
which the required valve circle passes. 

According to the other conditions of the problem, the opening of 
the steam-port at the beginning of the stroke is to be t; = O'OOS" 
( -23") ; since O Vi = e is known, we can lay off Vi Pi ~ ^ and then 
get at Pi a second point through which the valve circle passes ; this 
circle also passes through ; if therefore we describe a circle through 
the points V4, O and Pi, it will be the required valve circle, and 
therefore COT will be the required angle of advance S, and O P© 
the required eccentricity r. The measurements give 8 = 30° and 
r = 0-060- (2-36"). 

By fixing the points where the valve circle cuts the other circles^ 
we are able, as explained in the previous investigation, to answer any 
questions which may arise, 

To solve this problem by calculation, we ascertain from the 
known degree of expansion, as in the first problem, the angular 
movement of the crank up to the beginning of the expansion, 
according to the following formula 

. 1 A. 

next, the travel of the valve at the beginning of expansion 

e = r sin (o)i 4- 8), 

and then, if the outside lead vis given, the travel of the valve at the 
beginning of the stroke of the piston 

e + 1; = r sin 8. 
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By means of the last two equations the unknown quantities 
r and S may easily be found. 

The equation for determining the angle of advance 8 is easily 
found to be 

e 



ootS = 



(e + v) sin Wi 

and the eccentricity is given by the formula 

e + v 



— cot <ü„ 



r = 



sinS 



Problem 3. — ** Let there be given for the designing of a simple 

Q 

valve-gear the degree of expansion e = — > and the angle of lead 7, 

i. e. the angle E4 O X (Fig. 12), at which the crank stands before the 
dead point at the beginning of 
the admission of the steam. Let ^^^- ^2. 

there be also given the width of 
the ports Y M = a and the dis- 
tance M P = Ä, at which the 
outer edge of the valve, at its 
greatest distance from the 
central position, stands beyond 
the inner edge of the admis- 
fiion-port. 

" There is to be deter- 
mined the eccentricity P 

= r, the advance Y P = S, the outside lap Vi = O V4 = ^, and 
the outside lead Vq Po = t; ." 

Solution. — ^Li this and the following problem it is best to combine 
construction and calculation. 

Fix at first the position of the crank Ei, or the angle X O Ei = wi, 
for the beginning of the expansion, by means of the already ex- 
plained method of construction, or according to the previously 
obtained formula _ 

. ^i /«I 




■i) - V 
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Next lay off the angle of lead X OE4 = 7, and bisect the angle 
El O R4 ; the bisecting line O P gives at once the direction of the 
eccentricity, and the angle T O P is therefore equal to the angle of 
advance 8. 

The latter may be also found very simply from the formula 

For the beginning of the expansion we must, in the general 
formula f = r sin (« + S), substitute e for f and wi for w, and we 
get 

e Ä r sin (<i)i + 8). 

Next follows, as shown in Fig. 12, for the greatest distance of the 
valve from its central position 

r = e + a + k. 

By combining these two equations and using at the same tiaie 
the formula for S, we get after simple reduction 

a + h 



sm" — 3-i 
4 



From this equation the eccentricity P = r may readily be 
calculated (or may be constructed according to its direction). 

Now by describing the valve circle on O P, Fig. 12, the two points 
of intersection, Vi and V4, upon the crank lines O Ri and R4 are 
obtained, the lengths O Vi and V4 representing the outside lap e 
and Vo Po the required outside lead. 

Finally, we may assume the inside lap and thus complete the 
diagram. 

Problem 4. — " Let there be given the degree of expansion e = — , 

the outside lead Vo Po = v (Fig. 12), the width of ports VM = a, 
and M P = Ä the greatest distance to which the outer edge of the 
valve passes beyond the inner edge of the steam-port. 

/ - V <'• J 2 a_ - ■ ; J ' • 'o 
■ "V* - . ' ' ^ , - 2 /i - -. ^ -o r *: 



i 
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" Bequiredy the radius of eccentricity r, the angle of advance S> 
the outside lap e and the angle of lead 7." * 

Solution. — This problem is most readily solved by calculating 
the eccentricity r, and then determining the other unknown quantities 
by construction. 

The formula according to which r is calculated, may be found as 
follows : — 

For the beginning of the stroke of the piston we must, in the 
general equation of the travel of the valve { = r sin (a» -f- 8), sub- 
stitute for CO and (Fig. 12) 6 4- 1; for {, and accordingly get 
' 'e + v=s rsinS. 

Next we determine, either by calculation or construction, the 

angular movement a> of the crank up to the beginning of the 

expansion, and substituting this value and ^ == e ia the general 

formula, we obtain 

= r sin ((t>| + 8). 

' Finally, according to the diagram (Fig. 12) the greatest travel of 

the valve is 

r = e + a + k. 

From these three equations we have to find the three unknown 
quantities r, S, and e. Let the value for e, obtained from the last 
equation, be substituted in the two first, then 

r (1 - sm 8) = a + k-v, (a) 

and 

r[l-sin(oh + 8)] = a + *. (ß) 

Now in order to find r from these two equations, S must disappear. 
Use can be made here of the known formula ^ ^ ^'"'^ ~ ^^ ^ 

l-sina? = 2sin«^j-|), 

and thus there can be obtained from equation (a) 

/a + ÄJ — t; 
sm f ■ 



• t^ 8\ /a 



2r 



* The above-given problem was first solved by Bedtenbaoher (' Gesetze des Looo- 
motiv-baaes,' p. 107) by oalculation ; later the engineer Hermann gave in the * Zeit- 
schrift des osterreicMschen Ingenienr-Yerelnes/ 1859, vol. ix., p^ 81,. and Prof. Grashof 
in the * Zeitschrift des Vereines dentsoher Ingenienre/ 1859, vol. iii., p. 294, a real 
graphical solution of the same problem. 
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and 

But the equation (ß) gives 

. /tt 8 <üA /a + k m 



or 

sin 



By using in the formula the two expressions above given, and by ^ 
sidering that here, as in the previous probler^_ _ /;\+^. ^^^ '^ J 



and therefore 



cos J = vnr7, 



we get after reduction 

Vl - e Va + fc - r - Vc V2r-(o +]k-r) = - Va + Jk, 

whence follows 

_ 2 (g + fe) - ty + 2 V(a + A;) (g + A; - p) (1 - c) 
** " 2 e 

We can now calculate by this formula the eccentricity r, and as 
for the rest, use the system of construction. 

After drawing the two axes O X and Y (Fig. 12), describe from 
0, with the radius X = P = r, a circle (shown in the figure by- 
dotted lines), mark from X towards the value a + k, then the out- 
side lap Vo = e is obtained, with which we can describe from O 
the lap circle. 

Next lay off from^ towards X the outside lead Yo Fo = ^^ and 
erect at Pq a perp^äicular Po P reaching the circle described with r 
at P ; then O P will be the real direction of the eccentricity r, P T 
will be the required angle of advance 8, and the circle described on 

♦ [In simple valve-gear — 5-^ is always greater than ~, hence \/-o — "^^^ ^ 
preceded by a negative sign.— Ed.] 
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O P from the centre C will be the valve circle. The points Vi and 
y^ give the positions of the crank B^ and B4 for the beginning 
of the expansion and the admission of the steam, and the angle 
X O K4 is the required angle of lead The completion of the diagram 
requires only that the inside lap be assumed. 

If, for example, we take the degree of expansion e s 0'8, the 
outside lead f;= 0-006'" (•23"), the width of ports a=0-030^ 
and the distance to which the valve at its greatest travel passes 
beyond the inner edge of the entrance-port k = O'OOß"* (*23"), then 
the above formula gives for r 

r = 0-060"^ (2-36"), 
and from the given construction follows 

6=0-024 and 8 = 30% 

which values may also be obtained through calculation from the 

formulas 

e = r — (a + Ä;) 

and 



sin 8 = 



e + V 



FiQ. 13. 



Pbactioal Notes on the Designing of Valve-geabs. 

In executed valve-gears it is generally found that the eccentricity 
r = from • 050°^ (1 • 96") to • 080°^ (3 • 14"), that the angle of advance 
= from 10° to 30°, and that the out- 
side lead = from 0-003°^ (-118") to 
0-006°'(-23"). 

The width of the steam-ports, 
measured in the direction of the 
motion of the valve, is generally 
from 0-030°^ to 0-050°^ (1-18" to 
1-97"). 

Finally, after all these dimen- 
sions are fixed, \thOTe only remains 
to be determined the width h of the bridges and the width Oq of the 
exhaust-port (Fie. 13). Of course the bridge must be wider than 
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the length M P (Fig. 12), because otherwise the valve would open 

the exhaust-port and allow fresh steam to escape into the air. 

As the greatest distance of the valve from its central position is 

given by the eccentricity r, it will be seen that 

e + a + h must be greater than r ; 

therefore 

h is greater than r — (e -|- a). 

Useful proportions for this width b may be obtained by applying 
the following empirical formula 

6 = 10 + 0*5 a in millimetres [6 = 0*4 + 0*5 a in inches], 

in which the width a of the entrance-port is to be taken in milli- 
metres [inches]. 

Making also the width Uo of the exhaust-port 

«0 = *• + a + » - t, . 

the valve itself at its farthest travel will only reduce the exhaust- 
port as much as the width of the entrance-port. For the case 
observed in the above problem 2 we had as an example 

r = 60--», e = 24--, t = 7-"» [r = 2-36", e = 0-94", t = 0-272"], 

and taking the width of the entrance-port a = 30"™ (1 • 18"), we get, 
according to the preceding formula, the width h of the bridges 
6 = 10 + 0-6 X 30 = 25"- (-985"), 

and the width of the exhaust-port 

ao = 60 + 30 + 7 - 25 = 72»» (2'808").» 

A farther question, And one moreover which often presents great 
difficulties to the beginner, is that respecting the angle which the 
centre line of the eccentric should] make with that of the crank, or 
in other words, how the eccentric is to be keyed to the axle with 
reference to the position of the crank when the angle of advance is 
given. The rules which here follow are very simple, and long 
experiments on models are quite unnecessary for obtaining a 
clear understanding of this question. 

* [See note and diagram at end of Section I.--Ed.] 
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In practice, almost all the cases which occur may be divided into 
two classes, which are represented in Figs. 14 and 15. Thus the 
eccentric may act through the eccentric-rod either upon the bell- 
crank lever A C B (Fig. 14), or upon the double lever A C B (Fig. 15). 

Let us first consider the case shown in Fig. 14. There is always 
given the position and direction of the valve-face B X, as well as the 
position of the centre of the axle and the direction Z of the axis 
of the steam-cylinder. 

Fio. 14. 

C 




Choose the direction A, in which the end A of the eccentric-rod 
shall swing back and forth; draw the valve S in its central. position 
and choose two points B and A, the first in the direction of the valve- 
£EU$e, the other in the chosen direction O A ; erect on the lines repre- 
senting these directions the perpendiculars B C and A C ; then will 
G be the position of the fulcrum of the bell-crank lever AGB, and 
this lever will occupy the position in which it stands when the valve 
is in its central position. Draw now from the centre the line O Do 
at right angles to the chosen direction A, and make Do equal to 
the eccentricity r ; then the connecting line Do A gives the length 
of the eccentric-rod. Produce O Z, the axis of the cylinder, past 0, 
and lay off upon this the crank O Eo.as occupying one of its dead 
points ; if we now draw the line D = r so that it forms with the 
line O Do the angle D© D = S, equal to the angle of advance, and 
suppose the crank to move in the direction of the arrow, then Bo D 
is the angle by which the centre line of the eccentric must precede 
the crank. The difference between the two directions will be, if the 
axis of the cylinder Z differs from the chosen direction A by the 

angle a, 

angle BoOD = QO"* + 8 - a- 
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If, however, the engine runs in the direction opposite to the «urow, 

the perpendicular Do must be drawn downwards, and the centre 

line of the eccentric r must be put in the position D' (shown in 

the figure in dotted Lnes), so that the angle Do' D' becomes equal 

to S and the centre line of the eccentric precedes the crank by the 

angle 

EoOD' = 90° + 8 + a. 

If in the present case the valve-face B X were parallel to the 
chosen direction A, the joint B of the valve-rod would be in 
the line A 0, and the bell-crank lever would become simply a one- 
armed lever. But in most cases the direction B X coincides with 
the direction A, when BC = AC, and the lever is omitted altogether, 
a separate guide for the end of the eccentric-rod being no longer 
required. 

The second case, as represented in Fig. 15, may be treated in a 
similar manner. Let the centre of the axle 0, the direction B X 
of the valve-£äce, and Z of the axis of the cylinder, again be 
given. 

Fig. 15. 



R 




Choose as before the direction A in which the end-point A 
of the eccentric-rod shall move : draw the valve S in the central 
position, and B C perpendicular to B X, and A C perpendicular to 
A ; A C B is then the double lever with the fulcrum C, which 
transfers the eccentric motion to the valve, the lever being in its 
central position. By now drawing Do = r perpendicular to A, 
the connecting line Do A again gives the length of the eccentric-rod. 
Continue as in the first case the line Z ; draw the crank B© 
towards the dead point fiurthest from cylinder, and draw the eccentri- 
city D = r, so that it forms with O Do the angle Do O D = S, the 
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angle of advance, the crank being supposed to move in the direction 
indicated by the arrow. If, however, the crank moves in the opposite 
direction, draw the line D'= r, as in the preceding case. 

But in the present instance the proper position of the crank is 180^ 
from that just drawn, because the direction of motion of the valve is 
reversed by the double lever ; the crank must therefore, for the given 
position of the eccentric, be placed in (he direction R©'» fl^d it will 
be found that the eccentricity D = r, when the crank moves in 
the direction indicated by the arrow, follows hehind the crank at the 
fixed angle 

Bo'OD = 90°-8+a. 

But when the crank revolves in the opposite direction, the angle 
will be 

e;od'=: 90°-a-a. 

If we call the arms A C and B C in both cases ä and t, the 
movement of the valve will be 

f = - r sin (o) + 8). 

In drawing out the diagram, therefore, the diameter of the valve 

circle is to be taken as - r, but nothing else is to be altered in the 

rules for designing and using the diagram. In all our investigations 
we have considered the simpler and more frequently occurring case, 
and tacitly assumed that a = &, and that the direction of the valve- 
face coincided with the direction A, or in other words, that the end 
of the eccentric-rod acted directly on the end of the valve-rod. 



46 SIMPLE VALVE-GEAR. 



CHAPTER II, 



On the "Missing Quantity" in the Formula foe the Simple 

Valve-motion. 

Equation (P) gave for the movement of the valve 

^ = r sin 8 cos o) + r cos S sin o) + ^ sin <o sin (2 S + o)). 

In the preceding investigations we neglected the third quantity, 
because in most cases it is very small ; the first two terms then repre- 
sented the polar equation of two circles, which explained the whole 
distribution of the steam ; moreover, it then appeared that the valve 
moved symmetrically back and forth on both sides of a point which 
was at a fixed distance from the centre of the axle. 

In reality however this swinging motion is not so regular, for the 
quantity 

jr-- sin tt) sin (2 8 + u)) 

cannot under the usual arrangements be made to disappear altogether. 
But generally the length I of the eccentric-rod is very large in pro- 
portion to the eccentricity r, and the disadvantageous influence of the 
mimng quantity nearly disappears in practice. Nevertheless it seems 
important to us to examine the influence of this quantity more closely, 
as we can get from it a practical rule, and as the exact movement of 
the valve will be thus brought before our eyes. 

We find (see p. 47) for the distance of the central position B 
of the valve from the centre of the axle 0, when the crank has moved 
through the angle © (Fig. 16), 

i^^ ;^,^ 0B = rBin(a. + 8) + Z + ^-li??^^>. 

If we substitute 180° -|- co for cd in this equation, that is, suppose 
the crank to have turned through 180° we find the distance of the 
centre of the valve B© to be 
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Bnt the average of both values gives the distance of the middle 
point of the line B Bo from O,; calling this distance OXi, we get, 
after some reductions, 

0X. = Z + Z.-'1^2^f±*^. (11) 



Fia. 16. 




Strictly speaking Xi is nothing but the centre of motion, and 
Xi is therefore its distance from the centre of the axle. As <o 
occurs in the corresponding formula, it is evident that Xi is 
variable, and therefore that the position of the centre of motion is- 
lilcewise vwriahle. 

We found, equation (6), the distance of the centre of motion 

to be 

r* cos« 8 5 



0X = Z + 2i- 



21 



by ascertaining the positions of the valve for e» = and » = 180*^, 
and then taking the point mid-way between these as the fixed centre 
of motion. We based this upon the following method, pursued in 
practice when setting or adjusting a valve : The crank is placed at the 
dead point, and the lead measured, i. e. the opening of the entrance- 
port for this position of the crank is measured ; the crank is next 
placed on the second dead point, and the corresponding lead 
measured, and the valve-spindle is then shortened or lengthened till 
the lead on both sides is equal. This is also, as will be shown, the 
most correct way, and coincides perfectly with our method of 
determining the position of the point X. 

When the '^missing quantity" was neglected, the centre obtained 
was X ; but when this quantity is taken into consideration, the actual 
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position of the centre of motion X, will be found to be different 
from X, and the amount by which it is thus shifted is given by 

z = OXi-OX = ^rcos«8-co»«(o + 8)l, 

or, after a few reductions, 

Ä = s-ysi^ *« 81» (2 ^ + <«>)f (12) 

and that is nothing but the misdng quantity iUdf. An examination 
of this equation therefore will give a complete explanation of the 
movement of tibe variable centre of motion Xi with respect to the 
fixed centre X. 

Both coincide, or 2=0, when <o = 0°, (180° - 2 S), 180° and 
(360° - 2 8), i e. when the crank stands on the dead points or as 
much as 2 8 before them. 

The '^ missing quantity" is a maximum, or the difference z 

between the positions of the two points X and Xi is greatest^ 

when 

sin 0) sin (2 d -f 0))= maximum, 

or according to the calculus, when 

sin 2 (8 + cü) = 0. 

This again gives four angles, viz. : 

0) = (90° - 8); (180° - 8); (270° - 8); and (360° - 8). 

The two angles 90° — 8 and 270° - 8 give the greatest positive 
value of 2 : 

«n« = + ^^ cos« 8- (13) 

The two other angles (180° - 8) and (360° - 8) give 

W=-f^sin«8. (U) 

But the diagram (Fig. 2, PI. I.) shows that just at the angles 
90° - 8 and 270° - 8, the largest opening of the ports takes place, 
and the valve, being^at the extremities of its stroke, travels a small 
distance beyond the edge of the port ; now whether, in consequence 
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of the missing quantity, the movement of the valve is more or less 

than r by ^ cos^ S is a matter of no importance whatever. The 

greatest diflference between the positions of the points X and Xi 
occurs therefore at a place where it cannot influence the distribution 
of the steam. 

The circumstances are similarly favourable in the cases where the 
second maximum difference occurs. 

This second difference occurs when the angles « are 180° — S and 
360°- S; but according to the diagram, these angles represent those 
positions of the crank at which the valve is just at the middle of its 
stroke, that is, when both ports are closed. The effect of the above 
difference is, that the valve, at these moments, has not yet quite 
reached the position it otherwise would have, being still distant from 

it to the small extent ^ sin^ B ; but as the ports are closed at these 

positions by the lap, the disturbance in this case also occurs at a 
time when it is least felt.* 

We have now seen that the greatest differences from the results 
given by our diagram, take place at points where they are without 
unfavourable influence upon the distribution of the steam ; the reason 
for this principally lies in the correct fixing of the centre of motion, 
in other words, in the manner of adjusting or setting the valves 
explained above. From this follows the practical rule, always to 
adjust the valves so that the lead is equal on hoth sides. 

In order to get a complete view of the influence of the missing 
quantity upon the entire distribution of the steam, the exact values 
of f must be calculated for different values of «, according to equa- 
tion (I"), and the curve be drawn to polar co-ordinates. Instead 
of thg two circles, a curve is obtained which likewise has the 
shape of an 8 ; this curve then takes the place of the two valve 
circles, and in connection with the other circles explains exactly, 

* If the laps are very smaU, perhaps nil, as is often the case with the inside lap, then 
of course an nnfavourable distribution of the steam may be expected in consequence of 
the effect of the missing quantity. It is therefore advisable, ^hen great eccentridtiea 
and short eccentric-rods are employed, to make the laps larger than usual. 

£ 
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according to the instructions given with regard to Fig. 2, PI. I., the 
distribution of the steam. 

We do not enter upon this question more minutely, as it is of no 

T 

further use. In most cases the ratio -y is quite small, and then 

there exists no reason for regarding the *' missing quantity," and 
thus making the investigation more diflBcult. Moreover the irregu- 
larities due to the piston motiony which were emphasized on p. 7, 
haye a greater hurtful influence on the distribution of the steam than 
the '' missing quantity/' and in more exact investigations the former 
must be first taken into account. 

Eepbesentation op the Distbibution op Steam by Means op 

Valve Ellipses. 

The simple diagram for the movement of the slide-valve already 
described and examined, gives for any crank angle o) the distance of 
the valve from its central position, or, as we may say, it represents 
the valve movement f as a f miction of the angular movement ca If the 
angle (o is given, it is easy to fix the position which the piston at the 
same moment occupies in the cylinder. It may be now desirable to 
show directly, graphically, the relation between the movement of the 
valve and the stroke of the piston ; and for such a purpose, a system 
of rectangular co-ordinates is to be adopted, in which the stroke of 
the piston is taken as abscissa and the travel of the valve as ordinate; 
the difierent points obtained in this manner for difierent angular 
movements are connected by a curve. 

We will now consider more closely this mode of representation, 
which was formerly generally used and which is still applied by a few 
authors. Let (Fig. 17) A B be the full stroke of the piston, drawn 
to a reduced scale, and on A B as a diameter and from 0, with the 
radius A = O B = ß = R, let there be described a circle. Let 
ß be supposed to represent the crank, and let it have moved from 
the position O A (the dead point) as much as the angle A ß = «u, 
then the perpendicular ß M gives at once in the part A M = s of the 
line A B, the distance of the piston from the end of Us stroke. This 
line may be taken as an abscissa, when A is taken as the origin of 
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co-ordinates, and when, as we shall for simplicity suppose here, the 
connecting-rod is taken as infinitely long. Let us now draw to the 
same or any other scale, the ordinate MN representing the move- 
ment f of the valve, corresponding to this position of the crank. This 



Fig. 17. 




movement of the valve may be either calculated by the formula 
f = r sin (ö)+S), or it may be obtained in a graphical manner by our 
polar diagram. In the latter case, draw from the perpendicular 
Y, and draw next the eccentricity D = r in such direction 
that the angle TOD becomes equal to S, the angle of advance. 
The radius vector P, falling in the direction of the crank R, and 
belonging to a circle described on OD, thus gives at once the 
required ordinate M N. 

Fixing in this way a series of points like N, and connecting them 
by a line, we obtain a closed curve which, as may easily be proved, is 
an ellipse, and which is called the valve ellipse. If we now shift the 
origin of co-ordinates to the centre 0, and take M = a; as the 
abscissa of the point N, we at once find (this being exact only for 
connecting-rods of infinite length) 



I kB cos ( 



^ L(U'z^' 



while the ordinate, which for the present we will call y, is 

y = f = r sin (ft) + 8). - b t^ 



E 2 
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Eliminating from' both equations the angle a, we get, after a few 
reductions^ 

E« y» - 2 E r y a? sin 8 + r*«^ - EV cos» 8 = ; 

and that is, as may easily be proved, the equation of an ellipse 
referred to rectangular axes with the centre as an origin, but in 
which the axes of the co-ordinates do not coincide with the principal 
axes.* The ordinates of the different points of that part of the 
ellipse situated above A B represent the movements of the valve 
towards the one, and the ordinates of the points below AB the 
movements towards the other side of the centre of motion. By draw- 
ing the parallel lines e e and 6 6 at a distance equal to the outside 
lap e above and below A B, and also the parallel lines i i and ii at a 
distance i equal to the inside lap, the distribution of the steam is 
given, and it will be found that the opening of the entrance-port for 
the position M of the piston during the stroke of the piston from 
A to B is given by the part N S of the ordinate M N, and the port 
opening for the exhaust by the part NT of the same ordinate. 
Moreover, it is easy to understand that the points a, ^ indicate 
respectively the position of the piston for the beginning of the ex- 
pansion and of the exhaust in the cylinder end nearest the crank- 
shaft, and the points h^ d, the beginning of the compression and 
admission of the steam in the cylinder end farthest from crank-shaft. 

* Calling the angle vthich the major axis of this ellipse makes with the axis of 
abscissa A B, ^ ; then starting with the equation of the ellipse, ^ ^ -i i^^ jc> . (p 

a> y^a + 6« arj« = a« 6«, 

referred to its principal axes, and transforming it so that the ellipse is referred to the 
axes O T and O A, we get an equation similar to the one just developed ; equating the 
corresponding coefficients in the two equations, we have 

. ^^ 2 Br sin» 

for the semi-transverse axis a, 

^, _ B' + r» + a/ (B' + r2 )^ -4 B« r« cos' 9 

2 

and for the semi-conjugate axis 6, 

,, _ B' + r« - a/ (B» -f r«y - 4 B« r« cos« g 
2 
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By producing the perpendiculars to A B that pass through these 
points of the curve, till they meet the crank-pin circle, we obtain for 
the four principal points in the distribution of the steam, the positions 
of the crank 1, 2, 3, and 4. We, however, found these 
positions more simply in our polar diagram through the points in 
which the valve circles and the two lap circles crossed each other. 
In fact, this method of representing the movement of the valve by 
an ellipse does not give a better view of the matter than our former 
diagram, and is not to be recommended for practical application, on 
account of the greater difficulty of construction. 

For those valve-gears in which the eccentricity and angle of 
advance are variable, this method is without value ; for ejtch separate 
case would require the construction of a special ellipse, a work which 
requires much time and does not give the necessary exactness in the 
measurements ; besides, the figure would be covered with so many 
lines and curves that it would be difficult to understand.* 



Eeuleaux's Diagram. 

A diagram different from that above described, and which with 
equal facility answers all questions relating to the distribution of the 
steam and the influence of different dimensions in a simple valve- 
gear, has been invented by Professor Rouleaux. In the following 
description of this diagram by Reuleaux, the same designations are 
employed, so as to facilitate comparison with the other diagram. 

The travel of the valve has been shown, according to previous 

formulas, to be 

i = r sin 8 cos o) + r cos 8 sin o), 

or 

i = r sin (8 + w). 

* [This elliptical diagram is best known in English and American engineering circles 
as the motion-^iurve ; once constructed, it gives directly the relation between piston 
positions and valve positions, which relation it is the object of valve-gear investigation 
to determine ; it will, therefore, continne to be used as a representation of the final, 
desired, result ; for constructing this motion -curve we may use Professor Zeuner's simple 
diagram for obtaining the valve movements (oidinates) and the tables on pp. 8 and 9 
for determining the piston positions (abscissas). — Ed.] 
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The opening of port for admission when the crank angle is cu, is 

I — e = r sin (8 + w) — e, 

and the opening of the port for the exhaust, is 
I — t = r sin (8 + w) — «. 

Now in order to save calculations and to obtain by diagram a 
complete insight into the matter, we proceed according to Eeuleaux 




as follows : Draw the two axes X and Y at right angles to each 
other (Fig. 18), take as the centre of the axle, and draw the lines 
P and Q so that they form with T and X the angles 

Y0P = X0Q = 8, 

i. e. equal to the angle of advance. Now describe a circle from as 
a centre, with the eccentricity E =;= r as a radius, and suppose the 
crank to be in the position X on one of its dead points. Next 
draw the line K4 Eg parallel to the line Q at the distance O W = 
i = the inside lap ; and also the line E2 E3 at the distance OY =z e 
= the outside lap ; and finally the line Mi M2 at the distance 
V M = a = the width of the entrance-port,, from E2 E3, and the 
diagram is completed. 

Suppose the crank to have turned through the angle X Ei = co, 
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and therefore to be in the position ORi, and drop from Ei the 
perpendicular Ri Qi on to Q, then we have 

El Qi = r sin (w + 8) 

the movement of the valve, as well as 

EiVi = EiQ. - Qi Vi = r sin (co + 8) - e 

the opening of the port for admission, and finally 

El W, = El Qi - Qi W, = r sin (^ + 8) - % 

the opening of the port for exhaust for this particular position of the 
crank. 

If the crank stands on the dead point, for instance in the position 
OEo, the opening for the admission of the steam is RoVo, and that 
for the exhaust is Eq Wo ; the former value is therefore the outside, 
and the latter the inside, lead. 

The correctness of the following will be very easily understood. 
At the position O E3 of the crank, when it stands at the angle 
E3 Eo he/ore the dead point, the admission of the steam begins in 
the cylinder end nearest the crank-shaft. At the position E5 the 
exhaust begins in the cylinder end farthest from crank-shaft 

At the position Mi of the crank, the entrance-port is just fully 
open, and it remains fully uncovered until the position M2 is 
reached by the crank. 

At O E2 the expansion begins, at E4 the compression, &c., &c. 

If the crank occupies the position Q, the valve is at its central 
position, and when the crank is at the position P, the valve is most 
remote from its central position, and M P represents the distance to 
which the outer edge of the valve has passed beyond the inner edge 
of the pprt. 

If it is also required to know at which positions of the crank the 
port at the other end of the cylinder is just fully open for the exhaust, 
or just beginning to shut, draw at the distance W N = a the line 
Ni N3 parallel to O Q, and then O Ni and Na are the required 
positions. 
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In the other semicircle the procedure is of course the same, and 
all the principal positions of the crank have only to be produced 
through till they meet the circumference of the circle. 

As the values of r, e, a, and i are generally drawn full-size, all the 
other measurements are also obtained to the same scale. 

In the diagram (Fig. 18), which is drawn half-size, the data are 
the same as in problem 2. 

This diagram gives for the simple valve-gear the principal posi- 
tions of the crank as readily as the circle diagram ; and it gives just 
as simply and clearly the proportions for valve-gears with separate 
expansion valves. It only loses in clearness if it is applied to those 
valve-gears in which the eccentricity as well as the angle of advance 
is variable ; for such valve-gears, of which we shall examine a whole 
series farther on, the circle diagram is to be preferred. 



Depbez's Diagram. 

Deprez's diagram was recently made known in an article by 
Combes* and represented by the latter as being as simple and clear 
as the diagram which is the subject of the present work. 

We will now briefly describe Deprez's diagram, but will say in 
advance that, when applied to complicated link-motions it un- 
doubtedly loses in clearness, and can only be compared with other 
diagrams when applied to valve-gears with one veJve and fixed 
expansion. 

Let Ai A (Fig. 19) represent the direction of stroke of the end of 
the eccentric-rod, and the centre of the engine-shaft. Lay off to 
the right and left of the distance A = Ai equal to the eccen- 
trieity r, and draw the lines A Q and Ai Qi so that they make, with 
the direction Ai A, angles A Q and O Ai Q, each equal to S, i. e. 
equal to the given angle of advance; now let fall from the centre O, 
on A Q and Ai Qi, the perpendiculars Q and Qi, and, with O 
as a centre and Q as a radius, describe the circle Ro B Q Ri ; 

* Combes, * Bulletin de la Socie'te d*Encouragement,' &c., 1868, p. 526. 
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in accordance with this construction the radius of the circle is 
Q = r sin S, and the lines A Q and Ai Qi are tangent to the circle 
which we may also regard as the crank-pin circle. 

Now if we suppose the crank to have moved in the direction of 
the arrow through an angle K Eo = 0), estimated from the dead- 




point position Eo, and draw through the point E a parallel E P to 

the tangent A Q till it intersects at P the direction of the stroke 

Aj A, then will the distance P be the distance of the valve from its 

central position, i. e. P will represent the valve movement f for the 

corresponding crank position. 

In accordance with the construction, we have in the triangle 

OEP: 

EOP = c«) and OPE = 8, 

hence 

OEP = 180°-(a + (o), 

and it follows that 

OP : OE = sin [180° - (8 + w)] : sin 8, 

and from this we obtain, since E = r sin 8, 
P = f = r sin (8 + Ü)). 
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Therefore, to determine the valve movement from Deprez's 
diagram^ we have this rale : — Project the given crank position 
E = r sin 8 obliquely, i. e. parallel to the tangent A Q, on to the 
valve direction A Ai ; the projection P is the valve movement. 

The inverse process of obtaining the crank position corresponding 
to the valve movement is effected by drawing through P a parallel 
to the tangent AQ, and finding the intersections S and E'; the 
crank positions E and E' are those which have the same 
valve movement P ; it follows from this that the valve will be at 
the greatest distance A = Ai = r from its central position when 
the crank is in the positions Q and O Qi. 

To find the most important crank positions connected with the 
distribution of the steam, lay off on A Ai to the right and left of 
the distances OV = OVi = e equal to the oviside lai2}^and the 
distances W = Wi = i equal to the inside l^b4,"'and through the 
points V, W, Wi and Vi draw parallels to A Q, and note their inter- 
sections El, Ea, &c., with the circle. We then have the principal 
crank positions for the crank motion through the upper semicircle ; 
the crank stands at Ei when expansion begins in the cylinder end 
nearest crank-shaft, and at O Ea when compression begins in the 
cylinder end farthest from shaft ; at E3 when steam begins to 
exhaust from the cylinder end nearest shaft ; at E4 when steam is 
admitted to cylinder end farthest from crank. For the crank motion 
through the lower semicircle we have the corresponding crank 
positions O E'l, O E'2, O E'3 and B.\. 

When the diagram is drawn full-size the outside lead is given 
directly by the distance VE© and the inside lead by the distance 
WBo. 

It is unnecessary to enter into the other questions connected with 
simple valve-gears, for they have been fully discussed in connection 
with the polar diagram, and their transference to Deprez's diagram is 
not accompanied by any special diflSculty. 
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Müller's Diagram. 



Another graphical method of ascertainiDg the dififerent positions 
of the valve relatively to the different positions of the crank has been 
given by Professor Müller.* 

Müller's diagram, which distinguishes itself from the above-given 
diagrams principally by representing the valve movement in a 
mathematically exact manner, may be described as follows : — 

Let O X (Fig. 4, PL I.) again be the direction of the valve-face, 
and let O Y be perpendicular to this direction. If the crank is on the 
dead point, the eccentricity r takes the position OD ; DOT being 
the angle of advance 8, Next let D B3 be the eccentric-rod, the 
length of which we shall call I, and Ba may represent directly the 
centre of the valve. If the crank is now turned through the angle 0), 
then the centre line of the eccentric r is shifted from the position 
D into that marked D', and the valve centre comes to Bo. The 
distance OBo has been already determined by formula (p. 12); 
but this distance may also be obtained by geometrical means, as 
follows : Instead of regarding the valve-face X as fixed, and O D 
as changing its position to Di, as is the case in reality, we regard 
the eccentricity D as fixed, and turn the valve-face O X in the 
opposite direction through the angle X X' = (direction of the 
arrow). From D as a centre, with the eccentric-rod B D = Z as a 
radius, describe an arc cutting O X' at B, the length B gives at 
once the distance of the valve centre from the centre of the axle for 
the angle 0), for B = Bq. Hence follows the simple rule : — In 
order to fix the distance of the valve centre B from the centre of 
the axle, describe from the point D a circle with the length of the 
eccentric-rod DB3 = DB=2ZaBar radius ; the radial lines drawn to 
that circle from then directly represent the required distances ; 
and the angle which any radial line OB forms with the direction 
X, gives at the same time the angle co which the crank at this 
position of the valve makes with the axis of the cylinder. 

But the valve has to swing to each side of a fixed centre. If we 

♦ Invitation-paper of the Royal PolytecLnical School at Stuttgart. 1859. Civil- 
ingcnieur, yol. vii. p. 347. 
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adjust the valve so as to have equal lead at each end of cylinder, 
]. e. set the valve so that it stands at equal distances from the centre 
of oscillation when the crank passes through one or the other dead 
point, then in order to determine the movement of the valve, we 
must proceed in the following manner : — 

Bisect the distance B2 B3, i. e. the distance between the points in 
which the circle cuts the direction X, in the point Oi, and describe 
from the centre of the axle, with the radius M = Oi Bg = Oi B3, 
a second circle, then the length M B gives directly for the crank 
angle to the movement f of the valve, or the distance travelled by 
the valve from its central position. Producing B past 0, we get, 
in the same manner, the length M' B' as the movement of the 
valve for the angle 180° -f (o ; the lengths Ma Ba and M3 B3 give 
the movement of the valve for 0) = and m = 180°, i. e. for the 
moments at which the crank passes through the one or the other 
dead point. It is also easy to understand that Mq and M'q will 
represent the positions occupied by the crank when the valve is 
just at the centre of its travel. 

The openings of the port for admission and exhaust may also be 
easily obtained for any position of the crank. Laying off upon the 
hne B the distance M P = M' F = e, i. e. equal to the outside lap, 
and the length M N = M' N' = i equal to the inside lap, and 
describing from with the lengths P, N, F, O N' a series of 
circles, B P gives the opening of the port for the admission, and B N 
the opening of the port for the exhaust when the crank angle is equal 
to <o ; and in the same manner the lengths B' F and B' N' give the 
same openings for the angle 180° + to. 

The distances Ba Pa and B3 P3 represent the openings of the ports 
for admission, and B3 Na and B3 N3 the openings of the ports for the 
exhaust, when the crank stands on one or the other dead point, 
the piston being then at the end of its stroke ; the former distances 
represent therefore the outside lead, and the latter the inside lead. 
It will be seen finally, considering the statements made previously 
in constructing the diagram, that for the forward and return stroke 
of the piston respectively Ri and E'l in Fig. 4, PI. I., repre- 
sent the positions of the crank at the beginning of the expansion ; 
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B2 and O B'2 those at the beginning of the compression ; O B3 and 
R'3 those at the beginning of the exhaust ; and B« and B 4 
those at the beginning of the admission of the steam. 

At first sight the present diagram might easily be taken to be 
more useful and correct than the diagrams which we have previously 
given, because Muller's diagram giyes all measurements mathema- 
tically exact; but on a closer examination it shows disadvantages 
which are diflScult to remove, so that it can be recommended only 
for investigations of valve-gears with very short eccentric-rods ; for in 
order to obtain the measurements correctly, the figure must be drawn 
full-size. But as valve-gears in most cases have eccentric-rods 
which are very long in proportion to the eccentricity, the figure will 
not only occupy an inconveniently large space, but what speaks 
chiefly against the application of the diagram, the different circles 
will cut each other at very acute angles, so that the points of inter- 
section which give the positions of the crank for the beginning of the 
expansion, the compression, &c., cannot be determined with the 
necessary exactness. The longer the eccentric-rods, i. e. the better 
the valve-gear, the more uncertain will be the results obtained from 
the diagram. But it shows still greater disadvantages when, as must 
almost always be the case, the diagram is drawn to a reduced scale. 
Finally, for those valve-gears in which the eccentricity and the augle 
of advance are variable, of which several will be examined farther 
on, it loses all utility. 

But the diagram may be applied with great advantage to an 
investigation of another kind, viz. to ascertain the position of the 
piston in the cylinder for a corresponding position of the crank. 

We have always assumed in our former discussions that the 
length of the connecting-rod was infinite. This supposition leads in 
many cases to considerable errors, and the following construction, 
which gives the positions of the crank most correctly, is therefore to 
be preferred. 

Let A B (Fig. 20) be the fixed steam-cylinder, the axis of the 
crank-shaft, B the crank in any position, and B K the connecting- 
rod of the length L, with its end K directly fastened to the piston. 
If the crank stands in one or the other dead point, or in the position 
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Fio. 20. 




O Bo or ß', the piston will be at the end of its stroke K© or K'o- 
If the crank B of the radius B, has turned through the angle 
Bo B = 0), the correspondiug position K of the piston is found by 
intersecting the line A with an arc drawn from the point B, with 
the length L of the connecting-rod as a radius. Kq K and K K'o are 

then the distances of the piston 
from the ends of its stroke for 
the corresponding position O R of 
the crank ; and Kq K is the dis- 
tance travelled by the piston. 
Instead now of supposing the 
crank to be movable and the 
cylinder fixed, we take the crank 
as fixed in OB© and turn the 
centre line of the cylinder O A, 
through the angle w, into the 
position OMo. If we now, with 
the length of 'the connecting-rod 
L as a radius, lay off from Bo upon the line M© the point M, we 
shall have, as will easily be seen, Mq M = Ko K and M' M = K'o K, 
if Mo is made = Ko and O M' = O K'o. The following rule for 
determining the movement of the piston is thus obtained : — Describe 
from the centre O of the creuik-shaft with the radii Ko and O K'o the 
two circles I and 1 1. Next describe from Bo with the length Bo Ko 
= Bo M = L a third circle, which we may call according to Müller 
the distance circle. For any position B of the crank, after 
producing the line OB so as to intersect the three circles, three 
points of intersection Mo, M, and M' are obtained, and the distances 
Mo M and M M' give at once with mathematical precision the 
distances^ of the piston from the end points of its stroke, when the 
crank has travelled from the dead point through the angle w. 
Bisecting the stroke K© K'o of the piston in K^j, and describing from 
O the fourth circle (shown in the figure in dotted lines), the lines B^ 
and E'„, which pass through the points of intersection of this circle 
with the distance circle, give the two positions of the crank at which 
the piston is just passing through the middle of its stroke. The 
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angles through which the crank has to pass from its dead points 
till the piston arrives at the middle of its stroke are therefore 
different for the backward and forward stroke ; and they approach 
nearer to right angles the longer the connecting-rod L is in 
comparison to the radius E of the crank. 



Bilobam's Diagram. 

[This simple diagram is due to Mr. Hugo Bilgram, an American 
engineer. It is constructed as follows : Draw the rectangular axes X 
and Y, describe from as a centre, with D = r as a radius, a circle 




representing orbit of eccentric, and lay off XOQ equal to angle of 
advance Y D = 8 ; then describe from Q and Q' as centres, and the 
inside and outside laps as radii, the lap circles Y N and m m. 

When the crank is at its first dead point it occupies the position R 
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and the eccentric the position O D. Now when the crank has moved 
through the angle BOE^ = a; from the dead point, the eccentricity 
will occupy the position Dj, and, angularity of eccentrio-rod being 
neglected, the distance of the centre of the valve from the centre of 
motion will be measured by the perpendicular Q P let fall from Q on the 
crank position Ei or its prolongation, for we have 

QP i= O Q sin (Q X + X OP) = r sin (8 + «) = |. 

Subtracting from this valve movement the outside lap, we get the port 
opening for admission of the steam, and by subtracting the inside lap 
we get the port opening for the exhaust. In the diagram this sub- 
traction is performed by the lap circles, and, for the assumed crank 
position, these port openings are given by the distances V P and W P 
respectively. When the crank is at its dead point the port opening for 
admission or outside lead is given by the distance Vq Pq. 

It is evident from the diagram that the valve movement will be 
zero, i.e. the valve will be in its central position, when the crank 
occupies the position Q or O Q' ; it is also easy to see that the valve 
movement equals the outside lap, i. e. the admission of steam is either 
just beginning or just ending, when the crank is tangent to the outside 
lap circles ; finally the valve movement is equal to the inside lap, or the 
exhaust is either just beginning or ending, when the crank is tangent to 
inside lap circles. In order to readily distinguish between the occur- 
rences at the two steam-ports, we may employ two dotted circles as in 
Fig. 2, PL 1. Here, however, both circles are placed outside the orbit 
of the eccentrics, the outer dotted circle representing the occurrences 
that take place at port nearest crank-shaft (see Fig. 1, PL I.), and the 
inner dotted circle those that take place at the port farthest from crank- 
shaft.— Ed.] 
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SECTION IL 

BEVEBSING-MOTIONS WITH VARIABLE EXPANSION. 
(Link-motiom.) 



Yalye-qeabs by which the slide-valve can be moved so that the 
crank-axle will run in either direction, that is, so that the engine 
will run forward or backward, are called '' reversing-motionsJ^ 

These reversing-motions, which are applied in locomotive, 
marine, and winding engines, differ greatly in construction ; by far 
the most important ones are those which at the same time allow of 
variable expansion, that is, those which allow the admission of the 
steam to the cylinders to be interrupted sooner or later during the 
stroke. 

In all those valve-gears which vary the expansion by suitably 
moving one slide-valve, the motion of the valve is derived from a 
frame called the ^' Unk,* which itself is set into a rocking, and at 
the same time into a forward and backward motion, by one or two 
eccentrics. Beversing-motions with variable expansion of this kind 
are called " Unk-motiomJ* 

Link-motions unquestionably belong to the most ingenious 
mechanical movements that occur in machinery. By simply moving 
a lever, some of the parts of this very simple mechanism are so 
shifted as to alter the movement of the single slide-valve, thus per- 
mitting the engine to run backward or forward with any degree of 
expansion, a result which it might be expected could only be 
obtained by very complicated mechanisms. But the link-motions 
now usually employed are as simple as the exact law, according to 
which the movement of the slide-valve takes place, is complex. The 

p 
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object of this book is chiefly to demonstrate this law for the most 
important and best-known link-motions, and to derive from it 
practical and useful rules. 



CHAPTER I. 
Stephenson's Link-motion. 



This link-motion is the one most generally used for locomotive 
engines. Fig. 5, PI. II., shows the ordinary arrangement employed. 
Upon the axle are fixed the two eccentrics D and Di, from 
which extend the two eccentric-rods B C and Bi Ci, these being 
jointed at the ends nearest the valve to the link C Ci- In the curved 
slot of this link, there slides the block M, which is jointed to the 
guided valve-stem T. The radius of the slot in the link must be, as 
will be shown hereafter, equal to the length of the eccentric-rod. 
The link is siispended by the hanger E Gi in such a manner, that 
when the engine-driver moves the reversing-lever L N, the reversing- 
rod G F and the lifting-arm F K E will lower or raise the hanger 
E Ci, and therefore also the link C Ci. The block M then slides in 
the slot of the link, and the driver may therefore use, according to 
the position of the lever Ij N, any point of the link for the move- 
ment of the valve-spindle T. The lever L N moves in an arc Q E, 
which is provided with notches,* by means of which the lever can be 
fixed at any position. The link is made in the two shapes repre- 
sented by Figs. 6 and 7, PI. II., and is also sometimes suspended 
from the upper end C or from a pin in the middle J of the link, this 
point being called the dead point of the link. For when the link 
(Fig. 5, PI. II.) is raised so far that the point J drives the block 
M, and therefore the slide-valve, the distribution of the steam is 
such that no movement of the engine can take place ; but when the 

'*' [The notches are generaUy so arranged that they correspond to cnt-offs which take 
place when the piston has traveUed an integral number of inches ; thus, with a stroke 
of 24 inches, the notches correspond to cut-offs at the piston positions 6, 9, 12, 15, 18. 
and 21 inches, or to the piston positions 6, 8, 10, 12, 15, 18, and 21 inches. — Ed.] 
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driver lowers the link, the engine runs forward, because then the 
forward eccerdric D principally governs the movement of the slide- 
valve. On the other hand, when the link is raised so far that a point 
below the dead point drives the block M, the engine runs backwards, 
the hack eecentric then chiefly influencing the movement of the slide- 
valve. Now it is easy to see that when the axle turns, the link will 
not only receive a rocking but also a reciprocating motion, and thus 
transfer a peculiar movement to the block M and to the slide-valve. 
The latter movement is, however, so extraordinarily complicated, 
that it cannot be followed exactly, but only approximately, by 
mathematical calculation. But the results of the calculation and 
of the diagram agree very satisfactorily with practice. 

In examining these link-motions, we have to distinguish between 
different cases: the eccentric-rods are either open or crossed, as 
represented by Fig. 21 a and 6, and in either of these cases the 
angular advance of the two eccentrics may be equal or unequal. 

Fig. 21. 




Let O be the centre of the axle, D the centre line of the forward, 
and O Di that of the back eccentric ; let any point M of the link 
drive the valve-stem M B, and let the line of motion of the latter 
pass through 0. If now the crank is on one of its dead points, 
for instance lies in the direction OKo, and if the corresponding 
positions of the eccentric arms are equally inclined towards the 
vertical line OY, we have equal angles of advance, these being 
D O T = Di O Yi = S ; this is true, whatever the angle included 
between the crank and eccentric arras. If the inclinations of the 
eccentric arms to the vertical O Y are not equal at this position of 
the crank, the angles of advance will be unequal^ and the distribution 
of the steam is then a different one. 

F 2 
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In order to examine whether a link-motion works with crossed or 
open rods, the axle is turned so far thai the centre lines of the two 
eccentrics are between the vertical line Y Yi and the link. If the 
eccentric-rods theji occupy the positions shown in Fig. 21 a, they 
are said to be open rods, aud crossed rods if they are as shown in 
Fig. 21 b. The distribution of the steam is again different in the 
two cases. 

For further investigation we will make use of the following 
notation : — The amount of the eccentricities O D = O Di = r ; the 
angular advances (both taken as equal) DOY = DiOYi=S; the 
length of the eccentric-rods D C = Di Ci = Z. (If the link is as 
in Fig. 6, PL II., the length is to be measured to E.) The half- 
length of the link, measured from the dead point J to the connecting 
points of the rods C and Ci = c (In the link Fig. 6, PL 11., K J is 
to be put equal Ki J = c.) The distance of the slide-block M from 
the middle of link J, which is variable according to the position of 
the link, and which may be positive or negative, = u. Finally, let 
the length M B of the valve-spindles measured from the centre B 
of the slide-valve = li. 

Theory of Stephenson's Link-motion. 
(a). Determination of the Movement of the Slide-^alve. 

The chief object of the theoretical investigation is to find the 
relation between the angular movement a> of the axle or of the crank, 
measured from the dead poiut, and the movement of the valve f, 
i. e. its distance from its centre of motion at any position of the link, 
or any value of u. We shall first carry out the investigation for a 
link-motion with open rods and equal angles of advance, and from the 
results obtained it is easy to determine the relations for crossed rods 
and unequal angles of advance. 

We must first calculate, for certain corresponding values of <o 
and u, the inclination a of the chord of the link towards a line per- 
pendicular to the centre line X (Fig. 22). For this purpose we put 
approximately the length of the chord of the link C Ci equal to the 
length of the arc, therefore = 2 c, which is allowable, as the radius 
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for the curve of the link is always very large. In the same way we 
pat the distance of the point Mi in the chord from the centre of the 
chord J' eqnal to w, i. e. = J M. If the crank is on the dead point, for 
instance occupies the position Bo (0 Z representing the direction 
of the centre line of the steam cylinder), the different parts of the 
mechanism take the positions shown in Fig. 22 by the fine lines. 

Fig. 22. 




If the crank is now turned through an angle (Oy the eccentric, the 
eccentric-rods, and the link will take the positions shown by the 
thick lines. The connecting point M of the valve-stem will not 
leave the line B if the haager is taken sufficiently long, because 
the latter (for a given position of the reversing-lever) during the 
turning of the axle, will keep the link at a constant height, at least 
approximately. 

Let us now drop upon B from the points C and Ci, the perpen- 
diculars C F and Oi Fi, and also upon O B from the points D and Di, 
the perpendiculars DN and DiNi, and first determine the angle 
FCCi = FiCiC = a. 

Then 



FFi 



OF-^O Fi 
2c 



We now find the value 

OF = ON + NF = d*N^ >/DO^-(CF-DNy 

= r sin (8 + 0)) + VZ* — [(c — m) cos a — r cÖ8~(S + w)]*, 

or approximately, if for the small angle a we assume cos a = 1, and 
develop the quantity under the radical into a series (by the binomial ^ 
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theorem), neglecting in the denominators all powers of I higher than 
the first, we have 

(c - tt) r oofl (8 + a») r'oo8* (8 + a>) f,-^ 

and next, in the same manner, 

Fl = NiF, - ONi = VDiCi«-(CiF,-ANO' - ON,, 
or, substituting our notation, 

OFi = r sin (8 - ü>) + >/P - [(c + tt) cos a - r cos (8 - w)]*, 
which gives approximately -n . x 

(c + tt) r COS (8 — (d) r" cos* (8 — w) 

, "^ i ~^~~2l 

If the two values of F and Fi are substituted in the equation 

O F — O F 

sin a = ^ ^ we get, after suflBcient reduction, 

4 ^ 

sm a = - COS osmo> — -rsmosmcii ^ cos 8 cos o) 

e h cl 

+ f + ^li<^"(^-<^)-'^{^ + ^)l (16) 

By this formula the inclination a of the link to the vertical line 
Cl Fl may be calculated for any value of a> and u. 

Later on we shall be obliged to calculate this inclination • under 
the supposition that the dead point of the link falls on the line 
X ; then therefore i* = 0, and for this case equation (16) gives at 
once 

sin a = - cos 8 sin a> — -^ sin 8 sin o) 
c I 

+ ^ [cos» (8 - (o) - cos* (8 + 0))]. (17) 
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After these preparations it will be easy to calculate the distance 
of the valve centre B from the centre of the arie. According to 
the figure 

OB = OMi + MiM + MB = OF-M»F + MM +MB. 

The value of P is known according to equation (15) ; next 

Ml r ±= (c - tt) sin a, M B = Zi, and M M, = -^ - ^* if we 

1 p 2 p 

suppose that the link is curved to any radius p. We get thus 

Q 2 

O B = F - (c - tt) sin a + H ^ + h- 

A p JL p 

Substituting in this equation the value of O F and that for sin a 
given by equation (16), we get, after suflScient reduction, 



O B = r ( sin 8 H =— cos 8 ) cos w H cos 8 

\ c I / c 



sm (0 



- A [(" + m) COB» (8 + <ü) + (c - tt) COS» (8 - 0.)]. (18) 

If the link-motion is to be a correct one, the valve must, for 
any value of u (i. e. at all positions of the reversiog-lever), swing 
symmetrically to each side of a certain point X, the position of 
which is next to be ascertained. 

We again start with the supposition that the valve is to be 
adjusted so as to give equal lead, in the manner explained on 
pp. 13 and 49 for the simple valve-gear. 

We will first suppose the crank to be at one of its dead points, 

* [If we suppose the circle, of which the link-arc is a part, to be' completed, and sap- 
pose li Ml to be prolonged till it intersects this circle, we shall haye two chords inter- 
secting each other at M ; now, according to a weU-known proposition in geometry, the 
products of the segments of the chords are equal, hence we have, approximately, 

MM» X 2p = (c - tt) (c 4- tt). —Ed.] 
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say ö> = ; then the distance of the valve centre of the axle will be, 
according to equation (18), 

OBg = rfßm S + ^-^^ cosS\ 

+ Z + Z.+(c-.u»)^^-f^coB«8. 

If the crank stands at the second dead point, then m = 180°, and the 
same equation (18) gives 



OB, = - r (sin 8 + ^—j^ cos s) 



But the centre of oscillation X must be midway between Ba and 
Bg, and its distance from the centre of the axle is therefore 

or substitutiiig the values above given, 

OX = / + ^-^^cos«S+(c«-««)^^^ (19) 

In this equation u still appears, i. e. the centre of motion X is 
not fixed, but alters its position with the movement of the link ; and 
this is not admissible. If the link-motion, therefore, is to fulfil all 
conditions, the last quantity must be nü, which is the case if 

P = l 

Hence follows the important rule:— It* Stephenson's valve-gear the 
link mmt always be curved to an are whose radius p is equal to the 
length I of the eccentric-rods. 

Under this supposition, the distance of the centre of motion from 
the centre of the axle is, according to equation (19), 

OX=Z + Z, -^^cos«S, (20) 

i. e. exactly as in the simple valve-motion (p. 13). 
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Further, the distance of the valve centre B from the centre of 
the axle for the angle » is, according to equation (18), 

O B = r (sin 8 H =— oos3)oosa>-| cos8sino) + 2 + ^ 

- ^j [(c + «) 008« (8 + <o) + (c - •) 008« (8 - a.)]; (21) 

and finally the movement ^ of the valve from its central position 

f = OB-OX, 

or, snbstituting the above values and reducing, 

sin 8 H =— COS 8 j cos (0 -I cos 8 sin oi 

+ 5-| (cos 2 8 sin w + - sin 2 8 COS w j sin w. 

Or calling 

r ^sin 8 + ^-^' cos 8^ = A, (22) 

*~ cos 8 = B, (23) 

^ (cos 2 8 sin (0 + - sin 2 8 cos wj sin w = F, (24) 

we get 

(IP) f = A cos Ü) + B sin (0 + F, 

an equation of exactly the same form as that found for the simple 
valve-motion, only that the factors A, B, and F represent different 
values. The value of F given by equation (24) is again the 
" missing quantity," and must be exceedingly small if the centre of 
motion is not to be variable during the turning of the crank. As in 
well-constructed link-motions I is always large in proportion to r, the 
quantity has no great influence, and we may therefore put 

/ (j ^ 14 \ 14 f 

(n*) ( = r (sin 8 H =— cos 8 j cos w + — cos 8 sin w. 

From the formulas given above, we can at once obtain, without 
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fiirther calculations, the formulas for the movement of the valve in the 
case of Stephenson's link-motion with crossed eeeentrie-rods (Fig. 23), 
as, for reasons easily to be understood,* we have only to take, in all 



Fig. 23. 




the formulas, the value of c as negative. We thus get for the move- 
faient of the valve with crossed eccentric-rods 

/ (^ "~ tt^ \ 11 T 

(IF) f = r f sin 8 j— cos 8 j cos w cos 8 sin w 

• "I" 9"7 (^® 2 8 sin Ü) — - sin 2 8 cos w j sin co. 

Neglecting the " missing quantity " and combining the equations 
of the two kinds of link-motions, we get 

sin 8 ± =— cos 8 j cos w ± — cos*8 sin w, 

the upper sign referring to open, and the lower one to crossed rods. 



(6). The Curve of Centres. 
The equation obtained for the movement of the valve has again 

f = A cos 0) ± B sin <o. 



the form 



and the . movements of the valve are therefore given, as shown on 

* [We can pass from the case of open rods (Fig. 22), to that of crossed rods (Fig. 23), 
by imagining the joints G and G^ (Fig. 22) to approach each other till they meet at the 
centre J of the link, and then to oontinne their motion past this centre till they assume 
the positions shown in Fig. 28. In doing this the half-length c of the link gradually 
changes from a pins value to zero, and then to a minus value, which last corresponds to 
the case of crossed rods.— Ed.] 



THE CUKVE OF CENTRES— STEPHENSON. 75 

pp. 16 and 23, l^ chords of a circle, whose centre has the co-ordinates 
(Pig. 2, PI. I.): 

and ^ 

BC=6 = ? = ^cosS. 
2 2c 

But the above values of a and b are dependent upon Uy i. e. upon 
the position of the link, hence there is a special valve circle corre- 
sponding to each position of the link. The centres of all these circles 
will be in a certain curve, and this curve we shall call the curve 
of centres. In Figs. 8 and 10, PI. II., the different centres are 
marked Oo, Ci, Ca, &c,, &c., the first figure being for open, and the 
second for crossed rods ; and it will be seen that in the first case the 
concave side, and in the second case the convex side of the curve is 
turned towards the point 0. 

The co-ordinates for any point C3 of the curves of centres, 
estimated from O as an origin, are (Fig. 8, PI. IL), for open rods, 

OB. = ^(8in8+'i^oo88). 
B,C, = ^''cos8. 

Bepresenting the abscissa estimated from the point Co by x, we 

have 

« = OCo-OB3, 

and since v = for Co, we get 

O Co = ^ (sin 8 + I cos 8 V 

and therefore 

X = r: — , COS Ö. 

2cZ 
Bepresenting the ordinate B3 C3 by y, we find from y = ]J- cos S 
the value for u^ and substitute it in the equation for x ; thus we obtain 

f = -2^ . X, (25) 
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IS 



The curve of centres is, therefore, a parabola, whose parameter 
, and the distance between its vertex Co and the centre of 



2c 

the axle is 



Co = ^ (sin 8 + %08 sV 



Fia. 24. 



The same equation is obtained in a similar manner for crossed 
rods, but tiie distance between the vertex and the centre is 

^ (sin 8 — y cos 81; 

and the convex side of the curve is turned towards O (Fig. 10, 
PL IL). 

(c). The Suspension of the Link. 

In establishing the formula for the movement of the valve, we 
suppose the point M of the link, from which the valve-stem receives 
its motion, to move backwards and forwards exactly in a straight line 

OB (Fig. 24). In reality 
this is not the case ; the 
link always moves a little 
up and down during the 
turning of the axle, be- 
cause one of its points is 
fastened to a hanger, 
which moves round a 
fixed point E. The 
point of suspension J, 
therefore, moves back- 
wards and forwards in an 
arc, and as the sliding-block consequently moves a little back 
and. forth in the link, this irregularity will finally be transferred to 
the valve. As these irregularities may be made very great by an 
incorrect mode of suspension, it is one of the most important 
subjects of the theoretical investigation to determine the manner in 
which the suspension should be carried out, in order that its influence 
upon the movement of the valve may be as small as possible. 
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Two dififerent systems of suspending the link are generally found 
in practice ; the hanger is either fastened to the lower end Oi of the 
link, or to its centre. The upper point E of the hanger always moves 
in an arc, whose centre E is fixed. The problem is now to ascertain 
the dififerent positions of the end E of the hanger for different positions 
of the link, under the supposition that the link moves up and down 
as Uttle as possible; this condition will be fulfilled if, under all 
circumstances, the point of connection of the link with the hanger 
moves backwards and forwards in an arc whose chord is parallel to 
the centre line B of the stroke. 

We shall first suppose the link to be suspended by its centre. 

Let us assume the point of suspension J at the centre of the chord 

C Ci, which corresponds best with the mode of suspension practically 

followed, and endeavour to ascertain the horizontal motion of this 

point J, under the supposition that any point M of the link moves 

backwards and forwards in the direction of the stroke B, and at a 

distance u from the dead point. Let be the point at which the 

co-ordinates commence, we have then to find the abscissa P of the 

point J. 

It is 

OP = OF-FP, (26) 

but according to equation (15) we have 

^^ . ,« . X . , (^ , cu tt^ , r(c — tt) cos (8 + w) ,^_. 

if we neglect the small quantity 

f^ COS« (8 + Ü)) 
21 ' 

and next we have, according to Fig. 24, 

F P = c sin a, 

where a is the angle which the link chord makes with a vertical 
line. But the value of sin a is given by equation (16), and if we 

neglect the term which contains j — ; as a factor, we get 

sin a = - cofe 8 sin w — t sin 8 sin o =- cos 8 cos w + -r : (28) 

c I c I I ^ 
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F P = c sin a = r (cos 8 — ^ sin 8 ) sin o) y- cos 8 cos w + ^ • 

Applying to equation (26) this value, and the one obtained for 
F from equation (27), we get, after a few reductions, 



OP = Z- 



c' + tt« 
21 



+ r (sin 8 + r cos 8 j cos Ü) + -y- sin 8 sin ca. (29) 



The abscissa P of the point of suspension J may be calculated 
by this equation for any position of the link, and thus for any value 
of u and for any angular movement o). 

For G) = 0, follows the abscissa 



j_c'+»' 



j3 / C \ 

- + r (sin 8 + J cos 8 j. 



21 
For o) = 180^, however, the abscissa is 

c^ + tt« 



l'''4i^-r{.mB+;oosS). 



The arithmetical mean of the two values gives the abscissa 
O X = aj, which corresponds to the central position of the point J, 
and is equal to 

-^-^. (30) 

But this simple equation at the same time gives the abscissa 
of the upper point of suspension E for the corresponding position of 
the link. 

Representing the length of the hanger J E by Z3 ; the ordinate 
X E = y of the suspending point E is given by 

XE = JE-JP, 
or 

y = Z2 — tt cos a. 

But the angle a is so small with good proportions that we may at 
once assume cos a = 1, and thus, approximately, 

y = h-u. (31) 

The two equations (30) and (31) give for any value of u the 
correct position of the point of suspension E, or the curve in which 
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this point has to be moved if the hurtful oscillations of the link for 
aU its positions are to be reduced to a minimum. ' 

If the link is raised so much that its dead point gives the move- 
ment to the valve, then u = 0, and we get for the co-ordinates of the 
point of suspension Eq for this link position (Fig. 24) 

Xo = a;o = ^ - 2"/ *^^ X« Eo = yo = ^a- (32) 

But now I is the length of the eccentric-rod and öt is the height 

of the arc of the link ; the difference gives at once the abscissa of the 
point of suspension Eo corresponding to the dead point, and the length 
Za of the hanger is simply its ordinate ; the point E© is thus readily 
fouDd by construction. 

Drawing also through E© the line Eq K parallel to the centre line 
B of the motion, taking Eq as the point at which the co-ordinates 
for the curve E Eq Ei commence, and putting the abscissa Eo Q = v 
and the ordinate Q E = a, we have Eo Q = Xo — X, or using 
equations (30) and (32), 

And since 

QE = 2 = QX-EX = Z8-y, 
or 

« = tt, 

there follows the required equation of the curve E Eq Ei 

s^ = 2lv, (33) 

i. e. the cjirve in which the point of suspension E has to be moved, if 
the influence of the vertical oscillations of the link upon the move- 
ment of the valve is to be reduced to a minimum, is a parabola whose 
parameter = 2 Z, or equal double the length of the eccentric-rod. 
The vertex of the parabola is at the point of suspension Eq, which 
corresponds to the dead point -of the link, and the axis runs parallel 
to the centre line B of the stroke. 

The positions of the two points of suspension E^ and Eg, corre- 
sponding to the highest and lowest positions of the link, are found by 



80 REVERSINGh-MOTIONS. 

substituting in equation (30) the greatest values o{ u, which we will 
represent by + Cj and - Cj, for instance in Fig. 7, PL II., J K = Ci. 
(In the link Fig. 6, PI. II., u may even become equal to c.) 
We thus get the abscissa belonging to both points 

or if we estimate the abscissa from Eq upon the axis of the parabola 
EoQx = OXo-OX, = |L. 



The ordinates Qi Ej and Qi Eg are Ci and — Ci. 

As qj is always a small quantity, and the parameter 21 of the 

parabola Ei Eq Eg is always very great, the arc of the parabola may 
be replaced by an arc of a circle of the radius Z, for the radius of the 
vertex of a parabola is equal to the half parameter. 

We obtain thus the peculiar result : that the point of suspension 
"Eis to he moved in an arc of a eirde whose radius is equal to the length 
of the eccentrie-^od, and whose centre is at the same height above the 
centre line of stroke B as the point Eq. 

In order, therefore, to obtain the tri^e position Ki for the centre 
of the arm KE, we draw (Fig. 24) above 0, at the distance OL 

= E J = Za» the line Kj E© parallel to B, make Ki L = 07 > and 

describe with the radius KjE = Z the arc E2E0E1, this arc will 
then be the true curve, in which the point of suspension E of the 
hanger E J ought to move. 

Before we compare the above with the constructions that obtain 
in practice, we will examine another common method of suspending 
the link, namely that in which the lower end Ci (Fig. 25) of the link 
is connected with the hanger. 

We start here with the same suppositions as in the former case, 
examining here also the horizontal movement of the point Cj for any 
position of the link, and thus setting up a general formula for its 
abscissa P. 
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According to Fig. 25 this is 

P = OP - F P. 



that 



OF is known from equation (27), and from the figure we see 



F P = 2 c sin a, 
or using the value of sin a obtained from equation f28), 

F P = 2 r (cos 8 - f sin 8^ sin Ü) - 2 ^ cos S cos <ü\ 2 — . 




Hence follows, after substitution and reduction, 
O P = Z - ^^-^' + r fsin (S - cu) + ^^ cos (8 - a,)l. (34) 

The abscissa P of the lower end Cj of the link may therefore 
be calculated from this equation for any position of the link, i. e. for 
any value of ü and for any angular movement co. 

For 0) = 0, the value of the abscissa is 



Z- 



(c+uf 



2 



^\r[smS+'-±^cosS^. 



For Ö) = 180° the abscissa is 



Z- 



21 



- r sin S + ^-y^ cos 8 , 



G 
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The arithmetical 'mean of these two quantities gives the abscissa 
X = a;, which corresponds to the central position of the point Ci ; 
this mean is 

OX = x^l-^^±f. (35) 

But this is at the same time the abscissa of the upper point of 

suspensum E, for the hanger B Ci has to hang vertically, when Ci 

passes through its centre of motion. The corresponding ordinate y 

is then . . 

XE = y = EOi-CiP, ') 

or 

y = Zj — (c + tt) COS a. 

But as a is nearly always very small, we may again put i 
approximately cos a = 1, and then get 

y^h-(c+u). (36) 

The combination of the two equations (35) and (36), by eliminating 
(c + w), gives at once the equation of the curve E Eq Ei through 
which the point of suspension is to be moved when this method of 
suspending the link is adopted. We now have 

ih-yf^^lQ'xl (37) 

and this is again the equation of a parabola whose parameter is 2 Z, 
but whose vertex measured from has O Xi = Z as abscissa and l^ as 
ordinate. It is therefore very easily found by construction. 

If the link can be raised so high that the point Gi coincides with 
the line of the stroke, then t« = — c, and the equations (35) and (36) 
then give the co-ordinates of the point of suspension Ei : 

OX. = Z 

and 

Xi El = Zj, 

i.e. the co-ordinates of the vertex of the parabola. The highest 
position El of the point of suspension corresponds therefore, in this 
second method of suspending the link, with the vertex of the 
parabola, and the curve in which the suspending point E has to 
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« 
move forms only one branch of the parabola, while in the first method 
of suspension the point E has to be moved through both branches. 

Again, estimating the co-ordinates of the point E from the vertex 
El, and representing the abscissa Ei Q by v, the ordinate Q E by 2;, 
the equation (37) may be written as follows : 

z" = 2lv, (38) 

for V is equal to Z — oj, and z equal to I2 — y. 

Taking also here Ci and — Oi as the greatest values of w, we get 
the co-ordinates of the point of suspension measured from Ei :-^ 

For the highest position of the link : 

_ (c - c.)^ 
For the dead point : 

" 2l' 



«^2 = 2I ' 2?2 = C ~ Cj. 



Vq = ;r-^l ^0 = C. 



For the lowest position of the link 



z, - c + Ci. 



The total horizontal motion of the point of suspension E is thus 
equal to «;i - t;2 = — p\ when the link is moved from the highest 

to the lowest position. 

We may also here substitute for the arc of the parabola Ei E an 
arc of a circle whose radius is equal to the half parameter, or equal 
to the length of the eccentric-rod, but whose centre Ki lies at the same 
height above the centre line of the motion as that position of the 
point of suspension Ei which corresponds with the highest, and not 
with the central position of the link. The true centre Ki lies in this 
case exactly above the centre of the axle (Fig. 25). 

Comparing the result of this theoretical investigation, viz. that 
the upper point of suspension of the hanger should move in a 
circular arc whose radius is equal to the length of the eccentric-rod, 
with the proportions adopted in practice, we find that this radius 
is generally much smaller (KE in Fig. 5, PI. II.). This explains 

G 2 



84 REVERSING-MOTIONa 

♦ 
why^ in some locomotive link-motions, the link in certain positions 

moves up and down in sach a manner that for these positions 
there can be no regular movement of the valve and distri- 
bution of the steam. The above rule could be applied in many 
cases by moving the point of suspension E either in a corresponding 
guide, or by really suspending the link from the end of a lever of 
the length I, this lever being raised or lowered by the bell-crank 
lever E K F ; but in most cases circumstances prevent the radius of 
the arc from being made as long as the eccentric-rod. Therefore, in 
designing the valve-gear, the points Ei, Eq, and E2 must be shifted 
parallel to the direction B of the stroke, till the radius of the 
circle which passes through these points has the practicable length ; 
but it is always desirable to previously fix the right position of 
these points, and to make the lifting-arm EE of the bell-crank 
leverEK F (Fig. 5, PI. II.) and the hanger as long as circumstances 
will possibly allow. 

In some engines we find the bell-crank lever below the link ; to 
this case the above investigations are also applicable. 



i Practical Application op the Diagram. 

In the description of Stephenson's link-motion, upon p. 68, the 
manner in which the different dimensions were to be understood 
and designated was duly stated, and only with regard to the value 
of u is it now necessary to make a few remarks ; u expresses the 
distance between the dead point J and that point M of the link 
(Fig. 5, PL II.) which gives motion to the valve. Of course this 
value dijBTers according to the position of the hand-lever: it is 
positive in the following formula when M lies above J, but negative 
when the link is raised so far that the point M lies below J. If the 
link is raised or lowered to the utmost, u has the greatest value, 
which we call Ci ; this is the case in the link shown in Fig. 7, 
PI. II., where J K = J Ki = Ci, Ci being less than e ; but in the 
link Fig. 6, PL IL, J K = Ci = e. The length JK or J Ki may 
now be divided into a number of equal parts, which are numbered 
above and below the dead point J, and we may say the slide-block 
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is in the Ist, 2nd9 3rd . . . grade fore-gear or back-gear. In 

practice, these grades are not marked upon the link, bat upon the 

arc QB (Fig. 5, PL II.), where each notch corresponds with a 

certain grade.* If Ci is divided into n parts, and if the link is in 

the mth grade, then 

m 

u = - , Ci. 
n 

The theoretical investigation gave for the movement of the valve 
^ in Stephenson's link-motion 

sin 8 ± J— cos 8 j cos w ± — cos S sin o), (39) 

where the upper sign refers to open and the lower one to crossed 
rods. 



Placing 



sin S ± =-- cos 8 j = A, 



14 
r - cos 8 = B, 
c 

we may write more simply ^ 

{ = A cos a> + B sin CD. (40) 

For a given position of the link, therefore, ti is a known quantity ; 
and if the other dimensions are also known, the two values of A andB 
can be calculated. Now laying off from O on the centre line X Xi 

(Fig., 2, PI. I.) the two values OB=OBi = ^A = a, drawing 

the perpendiculars B C and Bi Ci = ^ B = 6, and describing from 

C and Ci circles with the radii C O and Cj Oi, we get, as theory 
has shown, the valve circles ; these, as in the simple valve-motion, 
fully explain the movements of the valve and the distribution of the 
steam when we describe from O, with the outside and inside lap as 
radii, the circles VV2 and WW2. The upper circle is for the 

♦ See footnote, p. 66. 
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forward stroke, the lower one for the return stroke. As the pro- 
portions are the same for both strokes, we need examine the upper 
circle only. 

The valve circle thus obtained gives the distribution of the steam 
for the assumed position of the link, i. e. for the one grade only ; a 

special circle belongs to each grade, for which the co-ordinates « -^ 

and ^ B of the centre are calculated in the same manner. The 

designer has only to substitute the known dimensions and the corre- 
sponding value of u in the above equations. 

If the link is raised so far that its dead point lies above the 
centre line of the motion, negative values of u must be substituted in 
the formulas, and the circles take the position shown in Fig. 4, for 

^ B becomes negative, and thereby indicates that the crank moves in 

the opposite direction; the engine therefore runs the other way. 
The distribution of the steam is in this case exactly the same as 
during the forward stroke, consequently it is only necessary to ex- 
amine the latter. Therefore, only draw the upper valve circle, and 
suppose the imaginary crank to turn from O X (Fig. 2, PL I.) in the 
direction of the arrow.* 

The manner in which, after the valve circles are drawn, the 
distribution of the steam can be ascertained from thb points of 
intersection has been stated fully in explaining Fig. 2, PL L, on 
p. 23, and need not be repeated; we will now illustrate by 
examples the peculiarities of this link-motion. 

We shall first examine a link-motion with open eccentric-rods and 
equal angles of adva/nce, and at once assume particular values for the 
dimensions. 

Problem. — Let the eccentricity of each eccentric be r = 0-060" 
(2 -36"), the angles of advance S = 30°, the length of the eccentric- 
rods Z = 1 • 400" (55 • 1"), and the half-length of the Unk c = • 150" 
(5 • 9"). Let the link have four grades of expansion for the fore-gear, 
and four for the back-gear, and let it be capable of being raised or 

* See footnote, p. 23. 
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lowered so far that u becomes equal to e ; and let the link be of the 
form represented in Fig. 6, PI. 11. 

Let the outside lap be e = 0-024" ('94"), and the inside lap 

♦ = 0-007"* (-27"). Y^^^ 1 ^ 

All questions, ^mAiing eitixer to the various grades of expansion 
or to the dead point, are to be answered. 

According to the above, the valve circles for the four grades 
of expansion are first to be determined ; the co-ordinates of their 
centres for open eccentric-rods are to be calculated according to the 
formulas 



a = 5r(si 



sin 8 H =— cos 8 j 



and 



1 ru 

= - — cos ( 

2 c 



O B4 = p, r sin 8 



For the 4th grade of expansion u = c, and then according to 
the above formulas, 

1 

2^ 
and 

B4 O4 = i r cos 8 (Pig. 8, PI. II.), 

i.e. the movement of the valve takes place exactly as if the link were 
not there, and as if the forward eccentric only acted upon the valve, 
for the co-ordinates are the same as those obtained for the simple 
valve-motion. 

We therefore find, in Fig. 8, PL IL, the centre C4 of the valve 
circle for the fourth grade of expansion, by laying oflf 

OB4=^rsin8 = i. 0-06 . sin 30° = 0-015» (0-69") 
and 

B4C4 = ^ r cos 8 = L 0-06 . cos 30^ = 0-026» (1-02"), 

or by making the angle ¥00«= 30° and C* = ^ r = 0-03" 
(1 • 18"). The corresponding valve cirde is marked IV. 
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For the third grade of expansion u = -e, and substituting this 

value as well as the other known values in the above equations, we 
get the co-ordinates of the valve circle centre C3 : 

OB3 = 0-0162» (0-64") 
and 

B,C8= 0-0195« (0-77"); 

2 

for the second grade u = jc, therefore the co-ordinates of the valve 

circle centre C2 are 

OB, = 0-0171«» (0-67") 
and 

BaOa= 0-013» (0-5r); 

for the first grade u = je, the corresponding co-ordinates are 

OBi = 0-0176» (0-69") 
and 

BiCi= 0-0065»;(0-26"); 

finally, for the dead point t^ = ; hence 

Bo = i r (sin 8 + i^^ = 0-0178» (0-70") 

and 

Bo Co = 0, 

i. e. the centre of the valve circle for the dead point lies at Co or 
on the axis X itself. Valve circles are now drawn from the 
centres Co, Ci, O2, C3, C4 with the radii Co 0, Ci 0, Cg 0, C3 0, C4 0, 
and these are designated in the figure by 0, 1., II., Ill, IV., accord- 
ing to the corresponding grades of expansion. If we describe from 
O a circle, with the radius V = e = 0*240"' equal to the outside 
lap, and another one with a radius equal to the inside lap W= e 
= 0*007", all questions may be easily answered by means of the 
diagram. 

Let the crank be first on the dead point, that is, let the ideal 
crank be in the position E, and then suppose it turned in the 
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direction of the arrow through any angle E Bi = 0), then we 
obtain the following table (see Fig. 8, PI. IL) : — 





Dead 
Point 


Grade of Expansion. 




1 


2 


8 


4 


Movement of the valve 

Port opening for admission . . . . 
Port opening for exhaust 


OPo 
WPo 


OP, 

VPi 
WP, 


OP. 
VP, 
WP, 


OP, 
VP. 
WP, 


OP, 
VP, 
WP4 



The required values are thus obtained full-size for all degrees of 
expansion. But the diagram also gives the following linear quantities, 
to which we have added the measurements taken from the diagram 
for the present special case : — 



Ovteide lead . . 

Inside lead . . 

Greatest valyel 

movement.. ../ 

Greatest port open-) 
.ing for admission ( 

Greatest port open 
ing for exhaust 

Crank angle » cor-1 
responding to I 
greatest port | 
opening .. ..j 



Dead Point 



V,Po (0-0115) 
Wii>o (0-0285) 

Oi>o (0-0355) 
ViPo (0-0115) 



Grade of Expansion. 



ViP, (0-0110) 
Wip, (0-0280) 

Oci (0-0375) 
öjCi (0-0135) 



XOci 



8 



ViP, (0-0100) V,i>, (0-0086) 
WiP,(0-0270) Wii>,(0-0255) 

Oc, (00430) Oc, (0-0510) 
6,c, (0-0190) 6, c, (0-0270) 
c, a. c, 



XOc, 



XOC3 



V1P4 (0*0055) 
W1P4 (0-0220) 

OC4 (00595) 
64 C4 (0-0355) 

XjOc^ 



Practical men generally attribute special importance to the 
amount of the outside and inside lead, i. e. to the openings of the 
port for the admission and release of steam when the crank is at 
the dead points. 

According to the above, Vi jp4, Vi ^3, &c., give the lead for the 
4th, 3rd, &c., grade of expansion ; now, either from the above Table 
or from Fig. 8, PL IL, it will be seen that the lead increases with 
the expansion, i. e. increases the nearer that point of the link which 
governs the valve approaches the dead point of the link. 

This peculiarity, which only appears in Stephenson's link-motion 
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with open rods, is well known in practice, and is yery often regarded 
as a defect of StepJienson's link-motion. 

In the present case the outside lead Yi p2 at the 2nd grade is 
twice as great as Vi p^^ that at the 4th grade. The lead Vi po for the 
dead point is the greatest, and this point therefore gives the greatest 
port opening for admission at the commencement of the stroke. 

The reason for the variation of the lead is only to be found in the 
quantity, 

r— COSO, 

C I 

contained in the formula for the abscissa a of the centre of the valve 
circle. The smaller this quantity, i. e. the shorter the link and the 
longer the eccentric-rod, the less variable is the lead. 

The greatest port opening for admission is a matter of importance ; 
let us suppose the width of the port to be O'OSO" (1*18"), then the 
fourth line of the above Table shows that the port is fully opened only 
when the link is way down, that is, at the 4th grade, and that the open- 
ing becomes smaller the more the link is raised, until finally, at the 
dead point, the port is at the most only opened one-third of its width. 

This narrowing of the port is a disadvantage, and this is the 
reason why very broad valves are employed in all link-motions. 

According to the diagram the port opening for the exhaust is only 
a little narrowed at the dead point, at all otlMr grades of expansion 
it is fully opened when the valve is at the extremity of its stroke. 

But all questions relating to the principal positions of the crank 
for each grade of expansion are also answered by the diagram if we 
determine the points of intersection of each valve circle with the lap 
circles, and proceed as with the simple valve-motion in Fig. 2, PI. I. 

The upper part of the diagram is obtained in this manner. The 
vertical lines represent the chief positions of the piston for all degrees 
of expansion. Moreover, the mode of determining the position 
of the piston for the 2nd grade is shown by dotted b'nes. If the 
piston travels away from crank-shaft, the admission of steam to 
cylinder end nearest crank-shaft ceases at a, and at this point expan- 
sion begins ; at h the exhaust from cylinder end farthest from crank- 
shaft ceases and compression begins ; at c the exhaust from cylinder 
end nearest crank-shaft begins ; and at d the admission of steam to 
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cylinder end farthest from crank-shaft takes place.* It will be at 
once seen from the figure, that the compression and the release of 
the steam, as well as its admission on the other side of the piston, 
begin sooner, the greater the expansion, i.e. the nearer the sliding- 
block is to the dead point of the link. 

A peculiar distribution of steam takes place at the dead point ; 
for the compression begins before the piston has travelled half of its 
stroke, and shortly afterwards the steam is released from the cylinder 
end nearest crank-shaft, provided the engine is running. The dead 
point of the link, therefore, produces a distribution so unsuitable 
that it is not able to effect a movement of the engine. Other 
peculiarities of the dead point may be easily found from the diagram 
by examining its valve circle 0. 

The cut-oflf and compression for any degree of expansion may 
also be ascertained from the upper part of Fig. 8, PI. II. Let us 
assume that the piston positions a, ft, &c., have been determined with 
regard to the length of the connecting-rod in the manner previously 
explained, and not as is done on the Plate for want of space, by 
dropping upon H K perpendiculars from the chief positions of the 
crank-pin ; then the required ratios may be very easily found. At 
a admission of steam ceases, therefore we have H a : H K the cut-off 
or ratio of expansion. At h the compression of steam begins, because 
then the steam ceases to exhaust from cylinder end farthest from 
crank-shaft, therefore H ft : H K is the raiio of compression. The 
stroke of the piston in the diagram is H K = 1 decimetre (3 * 937"), 
and H a and H h expressed in decimetres at once give the required 
ratios ; the diagram gives for the present special case — 





Dead Point. 


Grade of Expansion. 




1 


2 


3 


4 


Cut-off or ratio' 
of expansion / 

Ratio of com-' 
pression 


165 
0-390 


0-335 
0-580 


0-535 
0-730 


0-690 
0-845 


0-800 
0-905 



* [We suppose the engine placed as in Fig. 5, PI. XL, and to have a right-handed 
rotation ; if we view this engine from the side opposite to that shown in Fig. 5, PI. U. 
the actual directions of both crank and piston will agree with those given in the diagram 
Fig. 8, PI. II.— Ed.] 
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When the length of the connecting-rod is taken into account, 
these ratios will be slightly different for the forward and return 
strokes of the piston. 

The author has made experiments on a model of the dimensions 
assumed in the example, and the results obtained have completely 
corresponded with those of the diagram. 

The values which have been found for the outside lead are the 
only ones given here — 



Forward stroke 
Backward stroke 
Medium .. 



Dead Point 



11-5 (0-45") 
11-5 (0-45") 
11-5 (0-45") 



Namber of the Giade of ExpanaioD. 



11-0 (0-43") 
10-7 (0-421") 
10-8 (0-424") 



9-7 (0-38") 
9-5 (0-374") 
9-6 (0-377") 



3 



8-2(0-32") 
7-4(0-29") 
7-8(0-30") 



5-5 (0-211") 
5-7 (0-224") 
5-6(0-22") 



A comparison with the figures of the upper Table shows that there 
is almost perfect agreement ; the differences are only fractions of a 
millimetre. 

If we assumed crossed eccentric-rods in the above example, the 
centres of the valve circles for the higher degrees of expansions will 
fall in the same order upon the left-hand side of the ordinate B4 C4, 
as shown in Fig. 10, PI. II. In this figure the same valve-gear 
dimensions were assumed as in Fig. 8, PL II., and the co-ordinates 
of the centres of the valve circles were calculated according to the 
formulas 

a=^r(sinS-^^cos8), 



. 1 ru ^ 
= - — cos 0, 
J» c 



for in the general formula (39), the lower sign is to be taken for 
crossed eccentric-rods. 

It will be at once seen from diagram Fig. 10, PL II., that the 
fault in this arrangement is just the opposite of that previously 



APPLICATION OF THE DIAGRAM—STEPHENSON. 93 

described, the lead, inside as well as outside, deereasingy the higher 
the degree of exparision. According to Fig. 10, we have for the 

4th grade, the lead Y^p^ = ö-ö"»™ (0-216") 
3rd „ „ Vijps = 3-6'»- (0-1417") 

2nd „ „ Vii?a = l-S™" (0-07") 

1st „ „ Vi|), = 0-8°-^ (0-03") 

Dead point .. Y,po=^0' 4«^ (0-01") 

i.e. the opening of the ports at the dead point takes place here only 
for a moment. This decrease of lead may become so great, that no 
outside lead at all will be given when the outside lap Vi is taken 
quite large. The upper part of the diagram, which gives the chief 
positions of the piston for the various grades of expansion, shows that 
the distribution of the steam in the present case is very different 
from that in the previous one. The most remarkable fact here is, 
that the position d of the piston is almost the same at all grades, 
i. e. that the pre-admission of the steam almost always takes place at 
the same point of the stroke. 

How, on the other hand, the different dimensions of a link-motion 
required to fulfil given conditions with regard to the distribution of the 
steam may be determined need not be examined here, as the mode 
of proceeding, according to the above diagram, does not present any 
further diflSculties. (See remarks at the end of the first chapter.) 

The variation of the lead in 8tephenson*8 link-motion is generally 
considered to have a disadvantageous influence upon the effect of the 
steam, and this is why practical men have endeavoured to invent 
link-motions in which the lead shall be constant or nearly constant 
for all grades of expansion. We shall examine such valve-gears 
more minutely hereafter, and shall now only describe the changes 
which have been introduced into Stephenson^ 8 link-motion in order to 
diminish the variation of the lead as much as possibla A method 
which has been lately applied very frequently is remarkable for its 
simplicity, viz. the eccentrics a/re simply fixed with different angles of 
advance. This arrangement attains its aim almost completely, i. e. 
by this means the lead can be made nearly constant for the forward 
motion of the locomotive ; but experience shows that this improve- 
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ment takes place at the expense of the backward motion^ i. e. that the 
lead for the back-gear is made by this arrangement so much worse, 
so much more variable; this also our diagram shows at once. 
Phillips first carried out the calculation under the supposition that 
the angles of advance were variable, but he only came to the con- 
clusion that in this manner a tetter expansion might he obtained; 
this is perfectly true, but it is of no great importance in practice, as 
equally good results can be obtained with equal angles of advance 
by a correct choice of dimensions. But the chief reason above 
stated for the application of different angles of advance is not 
mentioned at all by Phillips ; the other writers, Weisbach^ Zeeh, and 
Bedtenibacher, moreover, speak only of the more simple case. 

Before beginning these investigations, we must remember that 
the angle of advance is that angle which the centre lines of the 
eccentrics D and Di form with the perpendicular OY let fall on 
line B of the stroke (Fig. 26), when the cranh B occupies the dead 
point, i. e. occupies the position E©, when Z represents the centre 
line of the cylinder. At first open rods are assumed, as in Fig. 26, 



Fio. 26. 



,. ? T 




In this case D is the forward and Di the back eccentric. Now, 
in order to get a less variable lead, the designers set ba>ek the crank 
R by a certain angle K E' = «r, the crank taking some such 
position as E', shown in the figure by a dotted line ; but this alters 
the quantities which we have called the angles of advance ; for if 
the new position E' of the crank passes through the dead point, 
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i. e. occupies the line Eo, then the eccentricity D of the forward 
eccentric forms with the vertical line T the angle S + a-, and the 
eccentricity Di of the back eccentric the angle 8 — cr ; with this 
vertical the angles of advance are therefore different But it will 
be at once seen, that such changing of the position of the crank 
does not at all alter the relative arrangement of the different parts of 
the valve gear, and therefore does not at all alter the movement of 
the valve ; the only change is in the relative positions of piston and 
valve. 

If we call R the imaginary crank, E' the actual one, and 
E R' = o- the angle through which the one must travel before it 
reaches the position of the other, then the diagram in Fig. 8, PL II., 
which has been drawn for Stephenson's link-motion (open rods), will 
also be correct for the present case, as it relates only to the move- 
ments of the valve. But the distribution of the steam will be altered 
and will be different for the forward and return stroke; for this 
reason we have drawn Fig. 9, PI. IL, which gives the diagram for 
the return stroke. This diagram was constructed in accordance with 
preceding propositions, by drawing downwards, from the axis of 
abscissas E, the ordinates for the centres of the valve circles. 
Eetuming to Fig. 8, PL IL, and, for equal angles of advance, 
assuming the crank at E or on its dead point, the openings of the 
steam-ports at this position of the crank for the different degrees 
have been shown to be Vi ^o> ^i Pi> ^i P29 &c. Now, supposing the 
crank to have been turned through the angle E Ei, the diagram 
gives for the different grades the openings V Po, V Pi, V Pg, &c., for 
admission, belonging to the corresponding positions of the crank; 
in the two cases, therefore, the openings for the different grades of 
expansion are very different. A close examination of the diagram 
shows that between these two positions of the crank there is one at 
which these openings at the different grades differ least ; this is the 
position of the crank which is represented by the line Eo and 
passes through q^, at which point the valve circle for the highest 
grade of expansion cuts the valve circle belonging to the dead point. 
Making therefore such an arrangement that the crank is on its 
dead point when it occupies the position Eo, the openings of the 
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steam-ports for all grades differ least, or in other words, the lead is 
least variable, when the crank is on its dead point in the position Bq. 
The actual crank must therefore /oZZo a? behind the imaginary one as 
much as the angle E O Bo = o-. The diagram Fig. 8, PI. II., drawn 
to a larger scale for the sake of greater exactness, now gives the 
following values : — 

I. Lead with equal angles of advance. 
Forward and return stroke. 
Fig. 8, PI. IL 
4th grade of expansion Vi i>4 = 5 • 6">» (0 • 216") 
3rd „ „ Vip3= 8-5°- (0-337") 

2nd „ „ V» i>a = 10 • (y^ (0 • 393") 

1st „ „ Vii>i = lI-0°-(0'43") 

Dead point .. .. V^ po = 11-5"^ 0-45"). 

II. Lead with unequal B,n^eB of advance 
(the actual crank following behind the imaginary crank as much as 

the angle B Bo). 

Forward Stroke. Behim Stroke. 

Fig. 8, PI. II. Fig. 9, PI. n. 

4th grade of expansion Vo (?* = 11 • 3°»" (0 • 44") Yoq^= 

3rd „ „ Vo ^s = 12 • 3«»-» (0 • 483") Vo ^s = 3 • 7-- (0 . 143") 

2nd „ „ Vo (?2 = 12 • 7"- (0 • 497") Y^q^^ 7 • 0°- (0 • 26") 

1st „ „ Vo 5i = 12 • 3™» (0 • 483") Vo (?i = 9 • 5»- (0 • 36") 

Dead point .. .. N^q^ = 11 • 3°^« (0 • 44") Vo qo = 11-4"^ (0-44"). 

It follows from this that with equal angles of advance the lead in- 
creases from the 4th grade to the dead point, as much as 6"^ (0 * 24") ; 
but if the crank is set back as much as the angle B B© = o-, the 
lead remains nearly constant for the forward stroke ; it is equal and 
also smallest for the dead point and the last grade, and largest at 
the 2nd grade; but the entire difference amounts to only 1-4"^ 
(0'05). (It need not appear, strange, that the lead above given is 
larger than is usual in practice, for in order to facilitate comparisons 
we preferred to retain the same data. Properly, the outside lap ought 
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to have been taken a little larger with the altered position of the 
crank). 

It will be seen, therefore, that the designers reach their aim with 
surprising perfection, of course only for the forward motion ; but 
the variations are so much more unfavourable for the backward 
motion; the lead decreases here from the dead point to the 4th 
grade as much as 11 '4"" (0*45"). Sometimes there will be no 
lead at all at the last grades, the admission of the steam beginning 
when the crank is past its dead point. But all this is only applicable 
to open eccentric-rods ; it will be a little different for crossed ones 
as will be shown later. 

The angle through which the crank in the case of open eccentric- 
rods must be set back, has hitherto been found by experimenting 
on models, the eccentric being turned until it was ascertained at 
which positions of the eccentrics and the crank the leads varied 
least; but our diagram gives the corresponding positions instan- 
taneously and with mathematical precision. Before showing by 
means of an example how the aim is best reached, a few remarks 
may be made respecting the manner in which the distribution of 
the steam takes place. Taking again Fig. 8, PI. II., and ex- 
amining the distribution of the steam, say for the 2nd ^rade of 
expansion, we determine the points of intersection of the valve circle 
with the lap circles. Assuming equal angles of advance, we know 
that V3 R gives the angle at which the crank stands before the 
dead point when the pre-admission of the steam begins. But with 
different angles of advance, the angle V3 Ro is larger than before 
by the angle R Ro = <r. The admission of the steam, therefore, 
takes place earlier during the forward motion with different angles 
of advance than with equal angles of advance. In the case of the 
backward motion it is just the reverse ; in this case we have (Pig. 9, 

PI. n.) 

angle Vg Bo less than angle V» O B. 

The same is true of the beginning of the exhaust, for in Fig. 8 : — 

W3 R represents, with equal angles of advance, the angle at 

which the crank stands hefore the dead point when the exhaust 

H 
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begins in the cylinder end farthest from ciank-shaft. Now, during 
the forward motion and with the altered position of the crank» we 
haye 

WsOBo greater than W«OB, 

bnt daring the backward motion 

Ws Bo is less than W» E (Fig. 9). 

It may therefore be asserted, that the distribution of the steam, with 
respect to the be^nning of the admission and exhaust, which results 
from altering the position of the crank, is deteriorated for the forward 
motion, and improved for the backward motion, because a very early 
beginning of the admission and release is found to be disadran- 
tageoua But this disadvantage may be much reduced by suitably 
increasing the outside lap. 

V2 (Fig. 8) shows the position of the crank at the beginning of 
the expansion. Now as 

angle Y« Bq is less than angle Yg O B, 

expansion will take place earlier during the forward motion when 
the angles of advance are different. But if the outside lap is also 
increased, as it ought to have been in the present case, then the 
expansion can begin still earlier. Therefore, other things being 
equal, different angles of advance give an earlier cut-off of the steam, 
and expansion will he more effectual than with equal angles of advance. 
It has already been stated that this is not an advantage of much 
importance« 

But for the backward motion just the opposite takes place, the 
cut-off of the steam beginning later for the same grade, because 

V, Bo is greater than Y, B (Fig. 9). 

Finally, W4 is the position of the crank at the beginning of 
the compression in cylinder end farthest from crank-shaft 

After what has preceded it is easy to see from the diagram that the 
compression of the steam for the same grade of expansion begins, with 
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different angles of advance, earlier daring the forward motion and later 
during the backward motion, than with equal angles. If compressioii 
were really so disadvantageous as is generally supposed, the distribu- 
tion of the steam for the forward motion would in this respect be 
deteriorated instead of improved by the adoption of different angles 
of advance ; the whole advantage would then only consist in having 
a lead which is constant for all grades of expansion. Nevertheless 
designers now very often choose different angles of advance, and 
engine-drivers usually run the engines with a high grade of ex- 
pansion, raising or lowering the link very little for ordinary trains. 
All this shows that the effect of the steam, notwithstanding the high 
compression, cannot be so unfavourable as is usually supposed. 
(See article by Beideaux, Civil Ing., vol. iii. p. 43.) 

The manner of finding the angle through which, when open 
eccentric-rods are used, the crank has to be set back in order to 
make the lead as little variable as possible, has already been ex- 
plained ; but an example will show still more the advantages of the 
diagram. 

Problem,— ^A link-motion for locomotives, according to Stephenson* a 
system, with open eccentric-rods, is to be constructed in such a 
manner that the lead for the forward motion shall vary as little as 
possible. The following data are given : — the eccentricity r = • 064" 
(2-56"), length of the eccentric-rods ? = 1-560» (60"), width of 
steam-ports a = 0-027"* (1-06"). The lead for the highest grade 
is to be V = 5"^ ( • 196") ; the point K, at which the sliding-block 
stands at the last grade, is to be distant from the dead point as much 

asci=:IK = |ö (link as in Fig. 7, PL H.), the half-length of 
o 

the link = CI = Ö = 0-21"* (8-26"), and hence e^ = 0-14"* (5-5"). 

Moreover let the valve-stem and piston-rod be parallel, and the 

centre lines of the two eccentrics form the angle D Di = 15lJ°, 

and let the inside lap be 

f = 4-3»" (-159"). 

Assuming four grades of expansion, there are to be determined 
the outside lap and the whole distribution of the steam for the 

H 2 
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forward motion, but first of all the best position for the crank is to 
be ascertained. 

8oltdi<m.—TiTst assume a crank which bisects the angle D O Di 

(Fig. 27). With regard to this 
Fio- 27. crank, we have the angle 

FOR'«'*^^^- 151]t° 

— ' YOD=:S= i^ - 90° = l^i*'. 




-X 

Next calculate the co-ordinates 
of the centre of the valve circle for 
the last grade of expansion, by sub- 
stituting <5i for u and 14^° for 8 in the known formulas for open rods, 

. 1 _. Iru ^ 

and thus get 

a = 0-0102» (0-4"), 

6 = 0-0207"» (0-79"). 

Now calculate the position of the centre of the valve circle for 
the dead point, by putting in the above formulas for u, then 

00 = 0-0120» (0-47"), 
and 

6o = 0. 

Now make in Fig. 11, PI. III., B* = a = 0-0102, B* C* = J 
= 0-0207, and Bo = ao = 0-0120 ; describe from C* and B« the 
two valve circles ; these cross each other at Q. Now draw Q ; the 
angle QOX = EoOR=(r=5° is the angular distance at which the 
actual crank in the present valve-gear should follow the imaginary one. 
Therefore if we draw in Fig. 27, the line Ro so that it forms with 
ß the angle a = 5°, then Ro D = (^i = 90° + 8 + o- = 109^° is 
the angle which the crank must make with the centre line of the 
forward eccentric, and Eo Di = 02 = 90° + S — o- = 99^° the angle 
which the crank must make with the back eccentric. 
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As the crank is on its dead point when it is on the line X, the 
angle of advance of the forward eccentric is 

«1 = 0x - 90^ = 19i°, 

and of the back eccentric 

8, = ^ - 90'' = 9i°. 

The principal part of the problem is therefore solved, and in a 
simpler manner than was to be expected when we consider the 
movement of the link, which has always been regarded as very com- 
plicated. The angle <r could also have been obtained by calculation ; 
as the result of this calculation is extremely simple, we will now 
give it. 

The formula for the movement of the valve (with open rods) is 

sin 8 + J— cos8joosw+ — oosSsin«». 

Now in Fig. 11, PI. III., Q is nothing but the movement of 
the valve corresponding to the angular movement <r ; if we, there- 
fore, substitute a for a>, and at the same time, for the last grade, 
substitute Ci for u, and for the dead point for u, then in one case 
we have 

O Q = r (sin 8 + —7^ oo8 8jcos<r-|- — oos8sin<r, 
and in the other case 

O Q =: r f sin 8 H — ^ cos S\ cos <r, 

Equating both expressions for O Q, we get, after reduction, 

tan <r = -T« 

This simple expression shows that the angular distance of the 
actual crank behind the imaginary one depends only tipon Oi and the 
length I of the eccentna-rod. The smaller Ci and the larger I, the less 
the position of the crank has to be altered, and the more the values 
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of the two different angles of advance approach each other. This is 
why equal angles of advance are still used in many link-motions ; for 
in these gears Oi is so small and I so large, that the changing o£ the 
position of the crank is not necessary, as the lead varies but very 
little, even with equal angles of advance. This is, for example, the 
case with the locomotive of the North-East Eailway of Switzerland, 
from which the dimensions of the preceding example were taken ; 
the outeide l0.p only has been taken different, as the example was for 
different angles of advance, whilst in this locomotive equal angles of 
advance were used. It was shown above that the distribution of the 
steam is not much improved by altering the position of the crank, 
it would therefore be better in designing valve-gears, to make Ci as 
small as possible and to use long eccentric-rods, for the lead will then 
be less variable. If the engine does not allow of the use of long 
eccentric-rods, the employment of different angles of advance will 
always be an excellent way of equalizing the lead ; of course, this is 
at the expense of correctness during the backward motion of the 
engine. Moreover, if we substitute the values of Ci and I in the 

formula tan <j = y , we get 

o- = 5° 8', 

the same as the value given by the diagram. But the formula has 
the great advantage, that a may be already determined when nothing 
else is known of a link-motion but the length of the eccentric-rods 
and the distance of the block from the dead point for the last grade 
of expansion. The formula gives at the same time a more simple 
way of determining the angle than the one given above. Construct 
a right-angled triangle with the sides Ci and /, then the angle opposite 
to the side Ci is the required one. 

Calculation and construction show also another peculiarity when 
the position of the crank is altered in the manner stated, which may 
be briefly mentioned here. If there are given an even number of 
grades of expansion, or, including the dead point, an uneven number, 
the point of intersection of two valve circles which are equally 
remote from the dead point and the farthest grade, will always fall 
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for the forward motion on the line Bq (Mg. 8, PI. IL) ; thus, as 
an example, in the case of six grades of expansion, the lead is equal 
for the dead point and the sixth grade ; also equal for the first and 
fifth ; it is next largest for the second and fourth, and is greatest 
(but only with open rods) for the central one, and thus in this case 
for the third. (See Diagram, Pig. 8, and Table on p. 96.) 

Betuming to the solution of the problem, we findj the condition 
that the lead for the last grade is to be v = 5"^ (-195"). Therefore, 
laying off upon Bo, Fig. 11, PI. Ill, from Q towards 0, the value 
Ve Q = V = 5-- (-196"), O Vo = 0-019» (-748") wiU at once give 
the required outside lap. Now describe from circles with V© 
and the given inside lap Wo = 4-3"" (-169") as radii, then the 
whole distribution of the steam for the last grade is also known. 
Connecting the points of intersection VsV^WaWi with 0, the 
principal positions of the crank are obtained; describe also from 
any ^circle which represents the crank-pin circle, draw Lo Li 
parallel to Bo Bi, and make Li Lo = Bi Bo, then will Lo L^ 
represent the stroke of the piston. The line V3 cuts the 
crank-pin circle at B3; dropping upon LqLi the perpendicular 
B3L3, we get 

B3 the position of the crank before the dead point, and L3 
the position of the piston before the end of the stroke, when the 
admission of the steam begins in cylinder end nearest the crank- 
shaft. 

B4 is the position of the crank and L4 that of the piston at the 
end of the admission of the steam, i.e. at the beginning of the 
expansion ; Lo L4 : Lo Li is the ratio of expansion with the last 
grade. 

R5 is the position of the crank before the dead point, and Lo Lg 
the distance of the piston from the end of its stroke, when the release 
of the steam begins in the cylinder end farthest from crank-shaft. 
Finally, Ro is the position of the crank and Lg is the position of 
the piston at the close of the exhaust from cyUnder end farthest from 
crank-shaft, i. e. at the beginning of the compression ; Lq Le : Lo Li 
is the ratio of compression. 

The principal positions for the other grades of expansion are 
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obtained in the same manner ; first, the co-ordinates of the centres 
of the valve circles are calculated according to the known method^ 
next the points of intersections of the valve circles with the lap circles 
are determined, &c. 

If we wish to examine the distribntion of the steam for the 
backward motion, which with different angles of advance is different 
from that of the forward motion, we must construct a diagram like 
that shown in Fig. 9, PL II., and must suppose the crank to turn 
in the opposite direction, i. e. in the direction of the arrow. But it 
must not be forgotten that Bo represents the position of the crank 
at its dead point, and that all angles must be measured from that 
position ; with equal angles of advance, however, we estimate angles 
from the position E. 

We have expressly supposed, in the above example, that the 
centre line of the cylinder coincides with the direction of the valve- 
face ; but if that is not the case, and if, moreover, the two directions 

Z and Y (Fig. 28) 
form an angle XOZ = a» 
we must proceed as follows : 
Construct the diagram 
for equal angles of advance, 
and draw, as in Fig. 28, 
the two eccentricities D 
and Di, so that they form 
with the line Y, which is vertical to the direction of the valve-face, 
equal angles S. The position of the eccentricities is thus obtained 
for the moment when the crank passes through the dead point, 
i. e. occupies the position B. 

But if we wish to employ different angles of advance in order to 
obtain as constant a lead as possible, the crank is set back to So 
as much as the angle cr, an angle deduced either from the diagram 
or by calculation. 

It thus follows that the angle which the crank forms with the 
eccentricity of the forward eccentric is 

BoO D = (^1 = 90° + 8 - a + o-, 
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and the angle which the crank forms with the eccentricity of the 

back eccentric is 

EoO Di = 03 = 90° + 8 + o - <r, 

as will be at once seen from Fig. 28. But these formulas are only 
correct for Stephenson's valve-gear with open rods and when the valve- 
rod is moved directly htf the link, as in Fig. 5, PI. II. But if the 
link acts upon a bell-crank lever, of which the arm connected with 
the sliding-block of the link has the length a, and the arm that 
moves the valve-rod the length 6, then : 1st, the crank Ro (Fig. 28) 
must be reversed or set back 180° ; and 2nd, in all formulas given 

above for Stephenson^ s valve-motion, the factor - r must be substituted 

for the eccentricity r. 

If, finally, the rods are crossed, then in accordance with previous 
propositions, the positions of the centres of the valve circles must be 
calculated according to the formulas : 

1 ^ 1 / . ^ c"-tt« A 

, 1 _ \ru . 
^=2^ = 2T^^'^' 

from which a diagram like Fig. 10, PI. II., is obtained. 

The angle through which the crank must be turned in order to 
get as constant a lead as possible, may be obtained from the diagram 
in the same manner as in the valve-gear with open rods, but with the 
exception that the crank must in this case be set forwards the 
angular distance cr, i Oi set towards the forward eccentric. 

The ** Missing Quantity" in the Formula fob Stephenson's 

Link-motion. 

Equations (P) and (11*), pp. 73 and 74, give for the movement 
of the valve thd more exact expression 

f = r ( sin 8 ± r- cos 8 ) cos co ± — cos 8 sin <d 

\ cl J c 

+ Ö-1 ( cos 2 8 sin (0 ± - sin 2 8 cos w j sin w. 
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The valve only moves symmetrically to both sides of a fixed 
point when the third quantity, the so-called ** missing quantity," 
disappears, or, as it cannot ever disappear' entirely, when it is as 
small as possible. But this last is always the case when the 
eccentric-rods are long and the eccentricities are small. In design- 
ing the link-motion, it is therefore of great importance to fulfil these 
conditions. The valve should always be set so that this '^ missing 
quantity" influences the movement of the valve most at those 
positions of the crank at which a little difierence from the results 
of the diagram has the least efiect upon the admission or release of 
the steam ; this quantity has to be, therefore, especially small near 
the dead points, where the ports are opened least. The latter 
condition is fulfilled when the valve is set to give equal lead, i. e. 
set so that the ports are equally opened when the crank passes 
through one or the other dead point. Our formulas are obtained 
under the last supposition, and the fact that the " missing quantity " 
disappears in the formula for the movement of the valve when 
0) = or 180°, and that the exact value for f is really obtained from 
the diagram, shows as a necessary consequence that the required 
condition has been fulfilled. As this is the case for all positions 
of the link, the result follows that setting or adjustment of the 
valve is only required for one grade of expansion ; if for this grade 
an equal lead is obtained, it will be equal on both sides of the valve 
for all the other positions of the link. It is of no practical use to 
further investigate the influence of this quantity. If it is, however, 
necessary to employ very short eccentric-rods,* then, to obtain exact 
information about the movement of the valve, it is best to construct 
curves instead of valve circles ; these curves are obtained by taking 
the " missing quantity " into account by substituting for a> in the 
above formulas (II* and II*, pp. 73 and 74) difierent values suc- 
cessively, and calculating f and laying it off from O upon the 
direction of the crank. If these points are connected, we obtain in 
place of the valve circles a looped cnrve, which gives in connection 
with the lap circles the chief positions of the crank, or the distribu- 

* In this case it is desirable that the laps, especially the inside one, be not taken too 
small, else the release will not take place witü sufficient regularity. 
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tion of the steam ; the dififerences between these results and those of 
the circle diagram will then show whether the dimensions chosen 
for link-motion produce an admissible distribution of the steam. 



CHAPTEE II. 
GOOCH'S Link-motion. 
Deseription of the Valve-gear. 



Gogoh's link-motion belongs to that class of motions with variable 
expansion which has a constant lead for all grades of expansion. 
Fig. 12, PI. III., shows in general the arrangement of the different 
parts of this construction. The two eccentrics D and Di are fastened 
to the axle O and govern the eccentric-rods B C and Bj Cj, which 
are connected at their ends with the link C Cx. The link is also 
curved to a certain radius and has a slot formed in it, but its convex 
side is turned towards the axle. The link cannot be raised or lowered, 
as in Stephenson 8 link-motion, but at the dead point J it is fastened 
to a link which swings about the fixed point L. The point J there- 
fore swings back and forth in an arc during each revolution of the 
axle; but as the radius of this arc is always very large, we may 
suppose, without committing a great error, that the point J oscillates 
in the direction of the stroke. 

The sliding-block K, fastened to the radius-rod Bi K, can move up 
and down in the slot of the link, while the other end Bi is connected 
with the valve-stem, so that this point Bi moves in the direction of 
the valve stroke. The raising or loweriug of the radius-rod is 
effected by the hanger S T, which is carried by a beU-crank lever 
that is moved by a hand-lever, in the same manner as in Stephenson^s 
link-motion. Figs. 29 and 30 represent the different parts of the 
valve-gear by lines only ; the former is for open, the latter for crossed 
rods. In the following we designate the different parts in the same 
manner as before : D = Di = r are the eccentricities, which here 
always form with the normal line O Y the equal angles of advance 
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Y O Do = Yi Fo = S ; the length of the eccentric-rods D = DiCi 
is again I; the length of the radius-rod K Bi = Zi ; the length of the 
valve-stem measured to the centre of the valve is Bi B = Zj ; the half- 
length of the link JO = JCi = ö, and the variable distance of the 
sliding-block from the dead point is J K = t«. 




Theoby op Gooch's Link-motion. 

(a). DetenmncUion of the Valve Movement. 

The fine lines in Figs. 29 and 30 represent the positions of the 
different parts of the arrangement when the crank stands at one 
dead point, say in the direction O Z ; if the crank is now turned from 
this position through the angle eo, the different parts will then arrive 
at the positions represented by the heavy lines. 

Now the problem is to determine the distance ^ of the valve 
from its centre of motion for this angle cd, and for any position of the 
sliding-block K or any value u. 
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We shall at first assume that open eccentric-rods are nsed 
(Fig. 29), and to begin with, shall assume the link CGi to be 
straight. 

The angle a, which the chord of the link forms with a line 
vertical to the stroke for any angular movement, has already been 
determined on p. 70, equation (17), under the supposition that the 
dead point J of the link oscillates in the line of the stroke, as is the 
case here. We found 

f* f* 

sin a = - cos 8 sin <i> — 7 sin S sin ü> 

+ 1^ [cos» (8 - <ü) - cos« (8 + w)]. 

If we drop from the point C upon the direction of the stroke the 
perpendicular F, we have 

OF = ON + NF = ON + V^i>0*-(CF-.DN)", 

or according to the above notation, 

OF = rsin(8 + o))+ V^Z" - [c cos a - r cos (8 + w)]". 

K we develop the expression under the radical into a series, 
neglect the quantities which have P in the denominator, and put 
cos a = 1, — ^for a has always a very small value, — ^then, 

O F = r sin (8 + <ü) + i - ö-| 



r c cos (8 + <ü) r' cos' (8 + o)) . 

+ I " 2/ ' ^*^^ 



Now, the distance of the centre B of the valve from the centre 
of the axle is 

OB = OM + MBi + BBi, 
or 

OB = OF - M' F - MM' + MBi + BBj. 

OF is known from equation (41), and 

M' F = (c - It) sin a, 
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where sin a is given by equation (17). MM'=KKi or, when the 
radius of the link =/>, 

M M' = -^ - ^ , 

2p 2p 

M Bi = VBiK»-KM« = Vy^=^» =.^ ^ ^ ; 

for Zi is always large in proportion to u. 

Finally BBi=Z2, and therefore, after substitution and reduction, 

O B = r f sin 8 + =- cos 8 J cos Ü) H f cos 8 — •= sin 8 j sin w 

- -T—j [(c + w) cos^ (8 + Ü)) + (c - w) cos« (8 - w)]. (42) 

Now the valve has to move symmetrically backwards and forwards 
on both sides of a point X, whose distance from we must next 
determine ; we also assume that the valve is adjusted so as to give 
equal lead. 

If the crank stands at the one dead point, then o) = 0, and 
the distance of the centre of the valve from the centre of the axle 
will be 

c2 ^ 

2p 



O Ba = r (sin 8 + ^ cos 8) + Z + Zi + Za - 1^^ - 



For the second dead point, or for a) = 180° we get 

0B3= -r (^sin 8 + |oos 8)+ Z + ^i + Za- 1^^ - 2- 

, w« «2 r« « « 

The arithmetical mean of the two values gives the distance of 
the centre of motion X from the centre of the axle : — 

OX = Z + Z.+Z,-|lcos^8-2-f^(Z + p) + ^(p-i.). (48) 
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The centre of motion has to remain unaltered for all grades of 
expansion, i. e. for all values of u ; but according to equation (43) 
that will only be the case when the last term, which contains Uy is 
nil. This condition can and must be fulfilled in this valve-gear, for 
it is only necessary to make 

i,e, the link of Gooeh*8 link-motion should always he curved to an are 
whose radius is equal to the length I of the radius rod. 
Equation (43) then gives 

OTL = l-^h+l,-'l^ -^^Q + k). (44) 

Finally, the movement of the valve from its central position or 
the movement f for the angular movement on and for the grade of 
expansion u^ is 

f =OB-OX; 

or using equations (42) and (44), under the supposition that?i=p, 
and reducing, we get 

(III*) = r Tsin 8 + J cos 8 j cos <i) -j Tcos 8 — j sin h\ sin cu 

+ r- (cos 28sinci) + -sin28 cos w ] sin w. 

If, however, crossed rods (Fig. 30) are assumed, we must substitute 
negative values of c in the above formula, and at once get for this 
case 

(IIP) g = r Tsin 8 — = cos 8j cos w Tcos ^ + j sin 8 j sinw 

+ oT y^^ 2 8 sin o> — - sin 2 8 cos o) j sin o). 

As Z is always large in proportion to r, and as in both formulas 
the third quantity, "the missing quantity," in consequence of the 
assumed manner of adjusting the valve, is greatest at those points 
where it influences the distribution of the steam least, this quantity 
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may be neglected in both cases, and we get for the movement of the 
valve for open and crossed eccentric-rods 

(III) J = r (sin 8±r0os8jooso)± — (cos 84! i ^n 8 j sincu* 



Again abbreviating, we have 

r (sin 8 ± ^ cos 8 j = A, 

— (cos 8 + ^ sin 8 j = B, 



(45) 
(46) 



and then 



{ = Acos(i)±BBin(ii. (47) 

The law of the valve movement is therefore the same as that 
already found for the simple valve-gear and Stephenson's link-motion. 

(6). The Cv/rve of Centres, 

As we have fonnd for the movement of the valve in GoocK's 
link-motion an equation of the same form as for 8tephenson\ we 
may also here consider the movements of the valve for a certain 

position of the link as chords of a circle, 
the co-ordinates of whose centres are 
(Fig. 31) : 

OB = a = | = ^(8in8± ^cos8) 

and 



Fig. 31. 




B C = 6 = I = ^ (cos 8 + I sin 8). 



There is therefore in this case also 

a valve circle corresponding to each 

grade of expansion, i. e. one for each 

value of u which is used. 

The 6entres of all these circles will again lie on a curve, the 

curve of centres, whose law is to be determined. 

In Stephenson's link-motion this curve is a parabola, but it is still 
simpler in the present link-motion; for as the formula for the 
abscissa a does not contain the value u^ it follows that the centres of 
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all the yalve circles have the same abscissa, and are thus situated in 
a perpendicular to the line of stroke B ; the ** curve " of centres is 
a straight line B G4 (Fig. 31), which is normal to the centre line of 
motion, and is distant from the centre of the axle for open eccentric- 
rods as much as 

^(sinS + ^cosS); (48) 

but for creased rods as much as 

~^sin8- ^cosSV (49) 

We found on p. 75 the same expressions for Stephenson's link- 
motion, but there they represent the distance from the centre of the 
axle of the vertices of those parabolas which form the curve of centres. 
The close relation between OooeVs link-motion and that by Stephen- 
son follows also from the comparison of the ''missing quantities*' of 
the two motions ; this quantity is in bot& constructions 

^j f cos 2 d sin (I) ± - sin 2 8 cos o) j sin o). 

The remarks previously made concerning this quantity are correct 
for the present valve-motion, and it is therefore unnecessary to repeat 
them. 

(0.) The Suspension of the Link and of the Badius-rod. 

There are in OooeVs link-motion, two suspension-links : the one 
L J (Fig. 32) carries the link and swings round a fixed pin at L, 
while its lower end is connected with the link. The latter point of 
connection is in practice generally placed behind the curve towards 
the axle. Experiments with a model have shown that this causes 
irregularities in the movement of the link, in consequence of which 
the slide-block E during the movement slips up and down in the 
slot of the link, but that these irregularities are very much reduced 
if the point of suspension of the link is placed nearer to the centre J 
of the chord. 

It is very difficult to prove the correctness of this remark in a 
mathematical way, but it may be inferred from the above theoretical 
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investigations. We there always assumed^ that the centre J of the 
chord of the link moves back and forth on the line of stroke, and 
under this supposition found that the end Bi of the radius-rod Bi K 
moves symmetrically back and forth on both sides of a point in a 
manner suitable for governing the movements of a steam-valve. 

Fig. 32. 




From this would follow, that in practice care should be taken that 
the centre of the chord move as exactly as possible in the straight 
line B. This condition is fulfilled when the link is suspended at 
this point J. 

Now, the next thing is to ascertain the abscissa of the fixed point 
L ; of course, the ordinate is the length of the suspension-rod itself, 
and for this the only rule we have is, to make it as long as possible. 

We may use, for determining the abscissa of L, equations already 
given. 

Equation (30) gives the abscissa of the centre of the chord for 
that moment when it passes through the centre of its arc of oscilla- 
tion, or through its centre of motion, and this equation is 



x = l^ 



"TT 



where the link is supposed to be lowered as much as u. The 
question in the present case is the same, but here the link is always 
so placed that the point J moves back and forth almost exactly in 
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the direction of the stroke, we therefore have u=:0, and the abscissa 
of the centre of oscillation is consequently more simple, namely, 

x^l^f^. (50) 

Now, as the suspension-rod has to be in a vertical position when 
the point J passes through its centre of oscillation, the <ibove formula 
gives also the ahsoissa of the point of suspension L, measured from the 
centre O of the axle on the line of stroke ; it is therefore only 
necessary to subtract the versed sine of the arc of the link from the 
length of the eccentric-rods. 

The second suspension-rod ET carries the radius-rod. As the 
latter has to be raised or lowered, the point of suspension E must be 
movable. The question now is, in what curve this movement must 
take place in order that the sliding-block E may alter its position in 
the link as little as possible ; the problem id to arrange the suspen- 
sion in such a manner, that the vertical movement of the point T is 
a minimum. As T is supposed to move in an arc of the radius E T, 
this yertical movement will be very small when E T is large and the 
chord is parallel to the line of stroke OB; it is unnecessary to say 
much here concerning the first condition, and we shall therefore at 
once consider the second one. For that purpose we determine next 
the horizontal movement of the point T for any grade u, that is, the 
variable abscissa O Q. We have 

OQ = OB-BB,-B,Q. 

But B is given by equation (42). Neglecting the last term, 

which contains the very small factor x~f > ^^^ substituting /^ for p, 
we obtain 

OB = rTsinS +|cos8jcos<a-|- — Toos 8 — z- sin 8 j sin « 

We also have BBi=:Za and BiQ=V BjT^-QT"; representing 
Bi T by Zq, and assuming approximately that E M = t^, then 



QT = ^^«, 



I 2 
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or approximately, for Zi is always very large in proportion to u, 

We thus get 

OQ=:rf8in8+|OOs8jco8(iD-| ^0088» =-sin 8] sin «> 

Substituting for a> in this equation, first 0, and then 180^, and 
taking the mean x of the two values obtained, we get 



x=.l + h-k- ^i^ +^,> (51) 



and this is the abscissa of the foint of sftispendon E for the correspond- 
ing position of the radius-rod. 

If Z3 is the length of the suspension-rod, the ordinate is approxi- 
mately 

y = t + ['t*. (52) 

If the sliding-block is at the dead point of the link, t« = 0, and 
therefore the co-ordinates for this position are 

OQo = Z + Z.-Jo-^4rr^ *^* QoEo^Zs. (53) 

The point Eq is found by a simple calculation. If the radius-rod 
occupies the highest or lowest position, then t^ =r -)- c or — c, for 
the sliding-block £ of this kind of valve-gears can always be shifted 
into positions which coincide with the centre lines of the eccentrio- 
rods, as to G and Gi. Substituting these values of u in equations (51) 
and (52), we get next, for the two extreme positions Ei and E2 of the 
point of suspension, the abscissa 
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th6 oidinates, however, are 



and 



QiE, = i;+|c^ 



Q.E, = J,-rc 



h 



(55) 



The point of suspension should therefore be moved in an arc 
which passes through these three points Ei Eq E2. But the combina- 
tion of the two equations (51) and (52) gives again the peculiar result, 
that the curve which passes through the above points is a parabola 
the parameter of which is = 2 Zi, or equal to double the length of the 
roAius^rod, Now, as li is always very large, the short part of the 
parabola, which lies near the vertex, may be replaced by an arc of 
the radius Zi, i. e. by radius equal to the length of the radius-rod. 

This radius is taken much smaller in practice, and after the 
positions Ei Eq Ea are laid off according to the co-ordinates above 
calculated, these points are moved so far parallel to the line of 
motion, that the arc passing through them has the desired radius. 
But according to the preceding theory, the irregularities in the 
movement of the point E will increase the smaller this radius is 
made. 

The {»receding theory of the suspension of the link is, moreover, 
applicable not only to open eccentric-rods, but to crossed ones as well. 



Practical Application of the Diaqbam. 

We can refer in what follows to different facts which have 
already been stated during the investigation of the diagram of the 
simple valve-gear and of StephensorCs link-motion ; the same nota- 
tion has been taken for the present valve-gear as for the preceding 
ones. In order to examine the distribution of the steam effected 
by GoocVs link-motion, it ia necessary to draw, as before, a valve 
circle for each grade of expansion, i e. for each value of 1^ ; in other 
words, to calculate the co-ordinates for its centre, and lay them off 
on the drawing. 



118 BEVERSING-MOTIONS. 

The theory gives for the movement ^ of the valve the formula : 
(in.) f = r f sin 8 ± r oos 8 j cos <o 

± — f cos 84: J sin 8 j sin CD, 

in which the wpper sign is to be taken for open eccentric-rodsy and 
the hwer sign for crossed eccentric-rods. 

The co-ordinates for the centres of the valve circles are then 

OB = a = g ^sin 8 ± ^ cos 8^ (56) 

BO = 5:=|^(oos84: |sin8); (57) 

these values may easily be calculated, when the values of r, 8, e^ I, 
and u are known. For a given valve-gear u is the only variable 
quantity, and may be expressed in parts of c. As already stated, the 
valve-gears at present under discussion always allow the sliding-block 
E to occupy positions which coincide with the centre lines of the 
eccentric-rods, and thus the greatest value of u is equal to -f <; or 
— e. The half-length e of the link is now again divided from the 
dead point each way, into a certain number of equal parts or grades 
of expansion ; thus if we have n parts and if the sliding-block is 

at the m^ part, then 

m 

tt = - . c. 

n 

By substituting this value in the above equations (56) and (57), 
the co-ordinates of the centres of the valve circles for the corre- 
sponding grades will be obtained ; the circle may then be drawn, and 
in connection with the lap circles will show the distribution of the 
steam for the corresponding grade in the manner already explained. 
It will be advantageous to show at once by an example the manner 
in which all questions relating to the distribution of the steam by 
an existing or assumed valve-gear may be answered by the diagram. 

Problem. — ^The following measurements are taken from a link- 
motion on Gooch*s system: — ^Eccentricity f = 0-060" (2-36"); 
angle of advance 8 = 20"*; half-length of the link e = 0-150» (6"); 
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length of the eccentric-rods Z = 1*2" (48"); the outside lap e = 
0-023"* (0-91"); the inside lap» = 0-006» (0-23"); there are four 
grades of expansion for the forward gear and the same number for 
back gear. 

How is the distribution of the steam effected ? 

Calculate first the co-ordinates B 
and B C4 of the centre of the valve 
circle C4 for the highest grade of ex- 
pansion, thus for tt = (Fig. 33). The 
formulas 



Fig. 33. 



OB = ^(sin8 + ^cos8) 



BC, = r(, 



') 




cos 8 — y sin 8 



give, if the above values are used, 

OB = 0-0U'»(0-56") and B C4 = • 027"^ (1 • 06"). 

If these two values are marked from O on the axis X, as 
shown in Fig. 83, the centre C4 of the valve circle, corresponding 
to the last or fourth grade of expansion, is obtained. Describe from 
C4 this circle with C4 as radius. 

Next simply divide the ordinate BC4 into as many parts as 
there are grades, in this case into four. The points of division 
Ci, C» and Cs, then give at once the centres of the valve circles 
belonging to the different grades, and these circles are described 
from Ci, Cg, and C3 with Ci 0, G^ 0, and C3 as radii. If, finally, 
circles are described from with the outside lap Vi = = • 023" 
and the inside lap Wi = i = 0-006 as radii, the diagram will 
be complete. How, for each grade of expansion, the chief positions 
of the crank, for instance the beginning of the admission of the 
•exhaust, of the expansion, of the compression, the greatest opening 
of the ports, &c., are to be obtained from the points of intersection 
of the valve circles with the lap circles, has been already explained, 
and it will therefore be unnecessary to repeat it. 

We need therefore only call attention to one peculiarity of this 



120 BEVERSING-MOTIONS. 

yalye-gear ; it will be seen that every valve circle crosses the axis 
of the abscissa at the same point Fi ; but now it is known that Y i Fi 
is the opening of the port for the admission, and Wi Fi is the 
opening of the port for the release at the beginning of the stroke, or 
the ontside and inside lead respectively ; hence it will be seen, that 
the lead is the same for all grades. The measurements from .the 
figure, which is drawn half-size, give 

Outside lead V; Pi = 0-005« (0-2"), 
Inside „ Wi Pi = • 022« (0 • 86"). 

For the dead point of the link t^ == 0, the abscissa of the centre 
of its valve circle, 

O B = I (^sin 8 + I cos 8^ ; 

the ordinate, however, is m7, and the centre therefore coincides 
with B. 

We obtained the same result for the dead point of Stephenson's 
link, and it follows, that with equal dimensions of the two valve- 
gears, the distribution of the steam by the dead point is exactly the 
same. The remarks on p. 90 are also correct for the present 
case. It is generally considered to be a great advantage, that in 
the case of the present valve-gear, the lead for open eccentric- 
rods as well as for crossed ones, is constant, and this valve-gear is, 
therefore, considered to be better than that by Stephemon, in which 
the lead, as we have explained, increases with open rods and 
decreases with crossed ones, the higher the grade of expansion. But 
from the results obtained above, we are obliged to declare the valve- 
gear by Stephenson to be the better one. QoocVs valve-gear always 
requires a great distance between the driving axle and the cylinder, 
for the long radius-rod has to be placed between the link and valve- 
rod ; hence this arrangement will, especially in locomotive engines, 
be applied but seldom. If a constant lead is really necessary, 
then, as we have shown, Siephemon^s valve-gear may be so con- 
structed that the lead in this case also becomes constant. Take a 
short link, long eccentric-rods,.itnd different angles of advance, and 
the small variations of the lead which may occur with such an 
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arrangement of Stephenson's yalve-gear cannot possibly affect 
disadyantageously the action of the steam in the cylinder. 

A second problem would be to design and construct for a steam- 
engine, say for a locomotive, a valve-gear on QooeVs system by means 
of a diagram. There is no difficulty in doing this according to the 
methods which have been explained above. Certedn parts, as the 
length of the eccentric-rods and the length of the link, are already 
generally determined by the whole arraugement of the engine. If 
we have the choice, then, we start on the principle of making the 
eccentric-rods as long, and the link as short, as possible. We next 
choose the angles of advance between 10° and 30°, the eccentricities 
between about 0*050"^ (2") and 0-080"* (3-2") in such manner that 
the greater eccentricity corresponds to a smaller angle of advance. 
We may now at once draw the diagram for the last grade of ex- 
pansion, and obtain by OPi (Fig. 33) the movement of the valve 
from its central position at the commencement of the stroke of the 
piston. If we now lay off from Pi towards O the distance Pi Vi 
equal to the outside lead, amounting generally from 0*004" (0-16") 
to O-OO?""' (0-28"), we get Vi the outside lap, which is generally 
between 0-020"* (0-8") and 0*040» (1-6"). If the diagram shows 
this lap to be too large, a smaller angle of advance or a smaller 
eccentricity must be taken. The inside lap is generally taken 
between O'OOl"* (0-04") and 0-007"* (0-28"). 

The above rules are also correct for Stephenson's valve-gear, 
except that in such a case the outside lap has to be chosen with 
regard to the variability of the outside lead. We, therefore, draw 
the valve circle for the dead point, and examine whether the lead for 
the inner grades of expansion with open rods is too large, or whether 
with crossed rods under the chosen proportions, it is too small. 

Finally, for the suspension of the link and of the radius-rod, we 
refer to the results of the theoretical investigations. 



122 REVERSING-MOTIONS. 

CHAPTER III. 
Allan's Link-motion. 

Desoription of the Valve-gear. 

In 8tephen8(m*3 link-motion, as well as in Oooeh's, the link is curved 
to an arc, which in the former has a radius equal to the length 
of the eccentric-rod, and in the latter equal to the length of the 
radius-rod. We have already proved that this must be so if the 
valve is to swing symmetrically on each side of a point that remains 
fixed for all grades of expansion, a condition of things required for a 
regular and correct distribution of the steam. 

But the construction of a curved link with large radius formerly 
involved great practical difiSculties, and the often-repeated question, 
whether the curved link could not be replaced by a straight one, 
was therefore quite natural. But the arrangement of the different 
parts of Stephenson's and OoocVs link-motion will not allow this, as 
may be easily shown theoretically. 

If in equations (19)^ p. 72, and (43), p. 110, the radius p of the 
curved link be taken infinitely large, two equations will bfe obtained, 
the first one for Stephenson's link-motion, and the second one for 
GooeVsy which give the distance of the centre of motion of the 
movement of the valve from the centre of the axle. These equations 
will show that, under the given supposition, the centre of motion of 
the valve moves farther and farther from the centre of the axle the 
more the link {Stephenson's gear) or the radius-rod (Oooch's gear) is 
raised or lowered. But the consequence of such an alteration of the 
centre of motion would be, that the admission and the release of the 
steam, in fact the distribution of the steam for the forward stroke 
would be quite different from that for the return stroke. 

Viewed in this light, Allan's invention — ^an invention which was 
also made a little later by Trick in Germany, undoubtedly indepen- 
dent of AUan — appears the more interesting. Both Allan and Trick 
employ a straight link, and attain their end perfectly, as theory will 
show, by the ingenious plan of raising or lowering the link and the 
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radius-rod of OoocKb gear simultaneoudy ; i. e. the valve moves at all 
grades of expansion symmetrically on each side of a fixed point. 

Fig. 13, PI. in., gives a plan and elevation of Allan's link- 
motion. 

The two eccentrics D and Di, fastened to the axle O with equal 
angles of advance, govern the two eccentric-rods D G and Di Oi, 
which are connected at their farther ends G and Ci to the link H H. 
The link has a straight slot, in which the sliding-block, connected 
with the end of the radius-rod Bi K, can be moved up and down. 
The radius-rod is connected at its end Bi with the guided valve- 
stem Bi B. The link is carried at its dead point J by the lifting- 
link Si J, while the lifting-Unk ST is at its one end fastened to the 
radius-rod Bi K ; both lifting-links are connected at their other ends 
by a double lever Si L S, which is fixed to the reversing-shaft L. 
To the same shaft is fastened the lever N, which can be moved 
between the positions indicated by dotted lines, by means of the 
reversing-rod P. It will now be seen that tumiog the shaft L 
simultaneoasly lowers the link and raises the radius-rod and its 
sliding-block K ; on the other hand, when the link rises, the radius- 
rod is lowered. The various dimensions of this link-motion must 
also be in certain proportion, if the movement of the valve is to be a 
correct one. Everything depends, as the theoretical investigations 
will show, upon the ratio of the two arms L S and Si L of the double 
lever S Si, 

Fio. 34. 




X B 



For our investigations we shall use the sketch, Pig. 34, and 
retain for the different parts the notation previously employed. Thus, 
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as before, let r = the eccentricity D = Di, 8 = the angle of 
advance, I = the length of the eccentric-rods C D = Ci Di, e = the 
haK-length J C = J Gi of the link ; li =: the length of the radins-rod 
Bi K and I2 = that of the valve-rod measured to the centre of the 
valve B. Also let the distance between the connecting point T of 
the lifting-arm and the end Bi of the radius-rod be Zo, and let the two 
arms Si L and S L be represented by a and h. Finally, let the 
distance of the sliding-block E from the dead point J of the link 
for any position of the latter be % thus JK = u. The link crosses 
the line of motion B at the point M ; let the distance of this point 
from the dead point of the link be J M » t«i, and let the distance of 
the same point from the sliding-block K be M K = «2 ; then 

Theory of Axlan's Link-motion. 
(a.) Determination of the Movement of the Valve. 

We shall commence here also by establishing the equation 
which gives the distance of the centre of the valve B from the centre 
O of the axle for a certain position of the link and for any angular 
movement a) of the crank ; we shall use the notation given above, 
and a few equations which were found while developing the theory 
of Stephenson s valve-gear, as we in that case at first assumed a 
straight link. Let us first take the case of open eccentric-rods. 

According to Fig. 34, 

OB = OF-FMiH-MiBi-fBiB. (58) 

Some of the different quantities on the right-hand side of this 
equation are known, and the rest are easy to determine. If we sub- 
stitute Wi for u in equation (15), we get 

0F = rBm(8 + ») + Z-^^ + if'-^; 

, (c — W|) r cos (8 + cd) r^oos^(8 + <«)) /kqn 

-1 I 21 ' ^ ^ 

Moreover 

F Mj = (c - m) sin a ; (60) 
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where, according to equation (16), p. 70, 

r « . r . ^ . Uir 

sin a = -coBosmo) — YSinosmco =-cosooo8&> 

e I el 

+ 1 + Ul^'^''^^ - Cü) - 008^(8 + cu)]. (61) 

The value of Mi Bi, according to Fig. 34, is 



MiBji = VBiK«-KMi2; 

or, as Bi E = Zi, and approximately K Mi = Wj» 

M.Bi = Vp^^<^; 
or, since th is small in proportion to li, 

M,B. = «-^ = Z.-(ü^\ (62) 

And finally 

B Bj = Z,. 

Substituting these different values in equation (58), we get, after 
sufficient reduction, 

O B = r ^sin 8 H -j^ cos 8^ cos o) 

+ ~ (cos 8 - ^ ^" J^ ^^ sin 8) sin ü> + « + Z» + «. 

"" 2 Z [2 « Z "^ 2 Zi J 

- r^^oos«(8-cü) + ^^cos»(8 + cü)l. (63) 

If we substitute in this equation first for co, and next ISO"" for 
(0, and take the mean of the two values thus obtained, i. e. if we 
adjust the valve to give equal lead, the distance of the centre of 
motion X of the valve from the centre of the axle will be 



-[^;.-+(i-)-], ,«, 
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but u and «i are variable values, and the valve-gear would be quite 
useless if the last quantity between the brackets could not be 
reduced to nil, i. e. if the centre of motion X could not be kept at 
the same place for every grade of expansion. But, fortunately, this 
may easily be done; let us try to ascertain the corresponding 
relation between u and %. 

First, it is easy to see that the following proportion is correct, if 
in Fig. 34 we draw T U parallel to the link : 

TU :KM=:BiT : BiK. 
or,ifTU = «^ 

«,= ^11.. (65) 

We may then find the relation between u^ and Ui. The lifting- 
links Si J and S T are of equal length, and when K is at the dead 
point, the points J and T fall on the line of motion, and the lever 
S Si is parallel to the latter. As the reversing-shaft is turned, the 
points J and T move in directions nearly vertical to B, and under 
these suppositiops it will be easy to prove that the following pro- 
portionate movement takes place : 

TU : JM = SL : SjL, 

or, using the known notation, 

tt,= -tti. (66) 

The combination of this equation with equation (65) gives 

h h 

Therefore 

or, since «1 + ^3 = «> 

«=(l+^^)u.. (67) 



Placing the constant value. 



l + ^Z^^ (68) 
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we get u = n Ui. The yalue of n may always be calculated for a 
given yalye-gear when the ratio b : a of the arms of the lever, and 
the lengths li and Iq are known. 

After these preparations, we return again to formula (64). We 
found that with Allan's valve-gear the following condition must 
always be fulfilled : 

21 I "*■ 2^ "■"• 
Now if we substitute in this u = nui, we get 

and thus follows : 

and combining this equation with (68) : 
b L 



-;=?OVi^Ö- - w 



This equation shows that Alla/n's valve-gear is only correct when 
the suspension-rods are carried by a lever whose arms have the 
ratio given by the last formula ; it is only then that the variable 
quantity in equation (64) disappears, and that the centre of oscilla- 
tion of the valve remains the same for all grades of expansion. The 
ratio depends only on the length of the eccentric-rod Z, the length of 
the radius-rod li, and the position of the point T upon the latter. 

For the further investigations, we have to suppose the given 
condition to be fulfilled by taking the positive sign before the radical 
as the correct one. 

But according to equation (64) the value of X then becomes 

OX = l + ^ + ^-^^^-^«. (70) 

and the moTement of the valre is therefore 

g = OB-OX. 
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Using the value of O B given by equation (63), and putting 

u 
«1 = -, we get, after reduction, 

(IV) f = r(8in8 + '*^^^**' cos3)coso> 

H ( 008 8 ^^ — = — ^ Bin 8 I Bin (i> 

+ SI fcofl2SBin<o +- sin28coB(i> j Binw. 

All quantities containing c have to change sign for crossed 
eccentric-roda 

The third term of the last equation is again the ^^ missing 
quantity," and it is exactly equal to that which was found for 
Stephenson's valve-gear, and for QoocVs. Again, neglecting this 
quantity, we get for open and crossed rods : 

(IV) g = rising ± ^^J^^' cos S^cosco 

± -— cos Ö + -^ — J — ' sm 8 Bin w. 
But in this equation we must have 

and 

(IV) 5.^(1 + ^1+0. ^ 

If we again designate the coefiScients of cos o> and sin 6) by A 
and B, we get as for the other valve-gears : 

{ = Ago8(i> IBsinco. (71) 

(J.) The Curve ofCewtres, 
The curve in which the centres of all the valve circles belonging 
to the different grades of expansion are situated may be obtained if 
the two equations for the co-ordinates 

. B ruf ^ _ c(n- 1) . ."I 
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are combined by eliminating r. We find that the curve, as in the 
case of Stephenson's valve-gear, is a parabola whose vertex for open 
rods is distant from by the amount 



r(sin8 + fco«8). . (72) 

y -^ — o^\ ^ 



and for crossed rods by the amount ^ ^ '' 



^sinS-^cossV (73) 



These formulas are the same as those for Stephenson's gear. 
With open rods the concave side of the parabola is turned towards 
and its parameter is 

^ 5 ( cos 8 ^^ — =— ' sm 8 ) . (74) 

2ccos8V »^ / 

With crossed rods, the convex side of the parabola is turned 
towards 0, and the parameter is 

^ ^ (cos 8 -h -^^-= — ^ sin 8 ) . (75) 

2 c cos 8 \ nl ) ^ ' 

Therefore the parabolas are not equal for open and crossed rods as in 
the case of Stephenson^s gear. For the method of finding the above 
formulas, see p. 75. 

(c.) The Suspension of the Link and of the Badivs-rod. 

The preceding investigation has shown, that if the construction 
is to be correct, the two arms S L and Si L of the double lever S Si 
must have a certain ratio which is prescribed by the other dimensions 
of the valve-gear ; thus it was shown that 



('V'-O- 



The fixed shaft L is placed between the two points of suspension ; 
but Bevleaux has shown (Civil-ingenieur, vol. iii.) that the points of 
suspension S and Si can be placed upon one side of the turning point ; 
but he adds quite correctly, that this suspension would be im- 
practicable, and we shall not therefore examine it here, but only 
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discuss the arraugement given by AUan, and assumed in the above 
calculations. 

If we examine, as in the case of the valve-gears already con- 
sidered, in what curve the two points of suspension S and Si must 
be moved if the vertical movements of the link and sliding-block 
are to be reduced as much as possible, we arrive at conditions which 
are not fulfilled by Allan's method of suspension, for the two points 
of suspension should be moved in parabolas or approximately in arcs 
whose radii are equal to I and Zi, and which present their convex 
sides towards the axle L. This condition could easily be fulfilled 
practically, by moving the two points S and Si in corresponding 
guides. With regard to the present method of suspension, therefore, 
there is nothing to recommend, from the theoretical standpoint^ but 
to make the lifting-links as long as possible, and to make the whole 
length S Si of the double lever a little greater than the length T K, 

say, 

a + h = h-l^ (76) 

As the ratio -is given by equation (IV**), the actual lengths of 
ct 

a and h are easily determined. 

If the dead point J of the link lies on the direction of the stroke, 
the lever S Si is horizontal, and we find for this case, according to 
equation (32), that the abscissa of the point of suspension Si, 
measured from 0, must be . 

As the point L in this position lies as much as a farther towards 
the right, the abscissa of the axis L is, exactly enough for practical 
purposes, 

* = ' + «- 2-r ^> 

the length of the two lifting-links giving the corresponding ordinate. 

Pbaotical Application op the Diagbam. 

In order to examine an existing valve-gear, or to design a new 
one, it is only necessary to know the principal results of the theo- 
retical investigation above given, which results are briefly expressed 
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by the three following equations. The movement of the valve for 
any angolar movement o» and any grade of expansion u for open or 
crossed rods, is 

(IV) f = r (sin 8 ± ^—j^ ^ *) «>» ^ 

-!.«»•/ sj - ^5 (» - 1) • A • 
± — I cos o 4. — ^ — = — - sm j sm w, 

when the different symbols, with the exception of u, have the signi* 
fication above given (p. 124). 
But it is necessary that 



(IV^) n = 1 + ^^ ^ 

I'D 



^0 a' 



and that 



. = K'+n/'-9- 



N0W9 in order to ascertain by the aid of the diagram the dis- 
tribution of the steam for each grade of expansion, we must again 
draw the different valve circles whose centres have the co-ordinates 

2 V ncl J 

B C = 6 = ^ fcoB 8 + ^i^^l) sin si . 
2cL .»* J 

An example will clearly show the application of this formula. 
Trollem. — An existing valve-gear, AUan'a system, has the 
following dimensions (Fig. 13, PI. III.) :— 

Eccentricity r = 0-070» (2-76") 

Angle of advance 8 = 30° 

Length of the ecoentrio-rods Z = 1 • 260» (49" ) 

Half-length of the link .. C J = C Ji = c = 0- 150» (6") 

Length of the radius-rod Zi = 1 • 600» (60") 

IHstance of the point T from the end B^ of 

the radius-rod Zo = 1 • 260» (49") 

Lifting-arm Sj L = a of the lever S Si . . a = • 076» (2 • 9") 

Liftdng-arm S L = 5 6 = 0-176» (6-8") 

Outside lap e = 0-024» (0-9") 

Inside lap t = 0-006» (0-19") 

K 2 
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The valve-gear has crossed eccentric-rods, and four grades for 
the forward gear and as many for the back gear. 

The sliding-block K stands at C or Ci when the motion is in full 
. gear ; for these positions w = + c or — c. 

The distribution of the steam for all grades of expansion is to 
be examined, and in addition any peculiarities this valve-gear may 
possess are to be ascertained from the diagram. 

We must first examine whether equation (IVb) is fulfilled, for 
then only is the valve-gear useful ; if it were not fulfilled, the valve 
would not, at the different grades of expansion, move about the 
same fixed point. We must therefore have 



==K-V'4)- 



Substituting the given values, we have 



^ = 2-35. 
a 

The given values of a and I have the same ratio, and on this 
score, therefore, no fault can be found with the valve-gear. 
K we now calculate 

we get "* 

» = 2-82. 

For calculating the co-ordinates of the centres of the valve 
circles, the following formulas must be used, for the eccentric-rods 
are crossed : 

2c\ nl J 

From these formulas we can now get the co-ordinates for the 4th 
or last grade of expansion, thus for w = c and the other known 
values, we have 

• OB = 0-0151» (0-60") and B C = 0-0316» (1-24"). 
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Substituting in the corresponding formulas, successively, 
tf=:|c, tt = }c, tt=Jc, and t* = 0, 

we obtain the co-ordinates of the centres of the valve circles 

For the 3rd grade 3» = 0-0146» (0-51") B, C» = 0-0237'» (0-9") 

„ 2nd „ OBa = 0-0138'» (0-54") B,C, = O-OISS«» (0-6") 

„ 1st „ OBi = 0-0135» (0-53") B^Cj = 0-0079» (0-3") 
„ dead point Bo = - 0132» (0 • 52") • 

The co-ordinates are now laid oflf as in Fig. 14, PI. HI., and 
the centres Co, Ci, Cj, C3, and C of the valve circles are thus 
obtained. Describe next the lap circles with the laps V = e = 
0024» (0-94") and W = i = 0-005» (0-23") as radii, and the 
diagram is complete. In order to ascertain from the diagram 
the distribution of the steam, we refer the reader to the explana- 
tions accompanying the diagrams (Figs. 8 and 10, PL IL), for 
Stephenson's valve-gear, and to the remarks on p. 89 and those 
following. 

But we may call attention to one peculiarity of Allan's valve- 
gear with regard to the lead ; it will be seen that in the present 
case, crossed rods, the lead decreases the higher the expansion ; thus, 
while the lead for the 4th grade is 0-006» (0-27"), for the 1st 
grade it is only 0-003" (O'll"); just the opposite result would 
obtain for open rods. It will thus be seen that Allan's valve- 
gear is in this respect similar to Stephenson's; but the variation 
of the lead, other things being equal, may be easily shown to be 
always less in Allan's than in Stephenson's gear. 

But this is not sufiScient reason for considering Allan's valve- 
gear the better one, for the small advantage with respect to the lead 
is rather dearly purchased, as in this, as well as in Grooch's valve- 
gear, circumstances prevent its application in many cases, because 
the insertion of the long radius-rod requires a much greater 
distance between steara-chest and driving-axle than in Stephenson's 
valve-gear. 

There is no diflSculty in ascertaining, according to the method 
explained above, the different dimensions which are to be chosen 
in designing a valve-gear. What has already been said about Oooeh's 
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valve-gear, is in general correct for AUarCs gear also ; it is only 
necessary to add, that the ratio - of the lever-arms must be 
so chosen that the equation 



is satisfied. 

The above investigations have shown how similar the construc- 
tions of the three valve-gears by Stephenson^ Ooooh, and ÄUan are ; 
we found, notwithstanding the different arrangements, for all three 
valve-gears the same ** missing quantity " ; the dead point of the 
link governs, under equal circumstances, the movement of the valve 
in the same manner in the one as in the other of the valve-gears, 
and the respective diagrams show such coincidence that we arrive 
at the conclusion that in respect to the distribution of the steam 
none of these gears deserves the preference. 

The close relationship existing between these three valve-gears 
may be easily described. In Stephenson* 8 valve-gear the link is raised 
and lowered while the radius-rod remains in the direction of the 
stroke ; in OoocVs valve-gear the link has no vertical motion, it is 
the radius-rod which is raised and lowered; in Allan* s valve-gear 
the two motions take place simultaneously and in such a manner 
that when the link is raised the radius-rod is lowered and vice versa. 

In what has preceded we have discussed the three valve-gears 
in the order in which they were invented, and have developed 
for each separately the formulas for the movement of the valve ; but 
it is perfectly easy to so conduct the analytical development that 
it will include the three cases; the close relationship, then, finds 
expression in the fundamental formulas, which also show whether 
the three cases are the only possible ones, or whether it is possible 
to effect an improvement by altering the general arrangement of 
the parts. 

The analytical treatment just mentioned is particularly suited 
for collegiate lectures, and the author has employed this method in 
his lectures for years ; it will now be given in order that the problem 
may be examined from every point of view. 
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As the basis of the investigation, we will assume St&phemorCs 
valve-gear, with open rods ; but we will also assume, as in GoocKs 
and Allans gears, that a radius-rod B K (Fig. 35) is inserted between 
valve-stem and link, which rod, like the link, is raised and lowered. 



Fig. 35. 




We will now, as in theseparate discussions above mentioned, 
deduce the distance B for any crank angle o) ; as before, let S 
represent the angle of advance, r the eccentricity, I the length of 
the eccentric-rods C D and Ci Di, and 2 c the length of the link C Ci, 
which may be assumed to be the same as the chord C Ci, provided 
the link is curved to as great a radius p as possible. 

Let us further assume that the link is lowered the amount 
J M = J' M' = a;, and that the end E of the radius-rod is raised 
above the direction of the stroke B the amount M K = M' K' = y, 
then we have from the figure 

OB = O M' + MT + FB' + B'B. (78) 

The distance M' can be determined as in the investigation of 
Stephenson's valve-gear, p. 71; to avoid repetition in establishing 
the value O M', we at once make use of equation (18), but drop its 
last term because the " missing quantity " has been neglected from 
the start ; as the lowering of the link is here represented by x 
instead of u, we substitute in this equation x in place of Uy also 
make p = co, because M' lies on the chord of the link, and because 
we may at first regard the link as straight ; then we have 

/ A* ^ '*•* \ 

OW = r (sin 8 H y cos 8 j cos co 

'*• •• i? -^ a? 

(79) 



-I cos 8 sin (0 -f- Z — 

c 



21 
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Moreover the figure gives 

M' F = y sin a. 

where, as before, a represents the inclination of the chord of the 
link to a perpendicular let fall on the direction of the stroke; 
employing equation (16), again neglecting its last term, and substi- 
tuting X for w, we obtain 

M' F = ?^ cos S sin (Ü - ^ sin 8 sin (0 

« ?l?'cosScosa, + ^. (80) 

If we represent the length B' K' (Fig. 35) by Zi, we get 

F B' = ^l^^-foOB^a. 

But as a is always very small, we can assume cos a = 1, and as li 
is very large in comparison with the lift y of the radius-rod, we may 
develop the radical according to the binomial theorem and employ 
only the first two terms of the series, we then have 

Finally, we must take into account that the link is not straight, 
but is curved to an arc having the radius p, and that, consequently, 
one end of the radius-rod must be shifted from K' to K and the other 
end from B' to B, so that B' B = K' K The distance K' K can be 
determined approximately as follows : — The half-length e of the chord 

2 

corresponds to the rise J J' = k- ^^ ^^ ^^^ ^^ ^^'^ \vnky on the other 
hand the half chord J' K' = aj + y corresponds to the rise 

(a^ + y)' . 

the difference between these rises, it is easy to see, represents the 
distance K' K, hence 

B'B = K'K=2-,-^-^'- (82) 
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Now, combining equations (79) to (82) with (78), we get after 
reduction 

B = r (bih 8 + "" ~^^ cos8^ cos o) + r ^^^t? cosS - | sinS^sin co 

Now this equation shows that the valve -gear arrangement 
sketched in Fig. 35 (though it does not occur in this form in practice) 
might well be employed under certain conditions. The first two 
terms represent the well-known law of valve motion 

{ = A cos <tf + B sin 0), 
where 

C2 — a.2 _ /p y 



A = r f sm 8 + ^ cos ö J 

B = r(^ooB8-f8m8) 



(84) 



moreover the point B, which could be employed to drive the valve, 
oscillates about a centre of motion whose distance from the axis is 
given by tha third term in equation (83). 

If, as in previous investigations, we designate this centre of 
motion by X, its distance from the driving-axle is given by 

Evidently, the valve-gear can only be employed as a link-motion 
when the centre of motion X occupies the same position for every 
position of the link and radius-rod, i. e. for every possible value of x and 
y ; or, in other words, it can only be thus employed when the distance 
OX is constant for all values of x and y. Consequently the only 
condition to be fulfilled, in order to render the valve-gear sketch in 
Fig. 35 practically useful, is that the last three terms in equation 
(85) disappear, which gives the equation of condition 

x'' + 2xy _ f_ _ {x + yy _ ^ » 
21 21, 2p " ' 

* It would be stiU more general to place this equation equal to a constant instead of 
equal to zero; but then results are obtained which would lead to very complicated 
arrangements for effecting the proper relative motion of link and radius-rod, for the 
distance x is then no longer proportional to y. 
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if to the left member of this equation we add and subtract ^,, and 

reduce, we get 

Ca. + y)«(l-^)-y«(l+^) = 0, (86) 

and this condition is always easily fulfilled. 

We will now examine a few special cases. 

Ga^e I. — The radius-rod B K (Fig. 35) is neither raised nor lowered, 
its end K being constantly kept in the direction of the stroke, then 
y = 0, and the equation of condition (86) becomes 



-0 -;)=»• 



and this equation can only be satisfied when p is made equal to Z, 
i. e. when the link is curved to an arc whose radius is equal to the 
length of the eccentric-rod, consequently this case corresponds to 
StephensorCs link-motion. If we substitute in equations (84) y = 
and X for w, we obtain the formulas (22) and (23), p. 73, which were 
deduced above for the valve movement in Stephenson s link-motion. 

Case IL — The radius-rod is raised and lowered, but the dead point 
of the liuk is kept constantly on the line of the stroke. For this 
case we must substitute a; = in the aboye general equations, and 
equation of condition (86) gives 



(■-D-('-D-. 



or 

p = - Z,. 

The link must therefore be curved according to an arc whose 
radius is equal to the length of the radius-rod, and the negative sign 
shows that the curvature is in the opposite direction, i. e. its convex 
side must be turned toward the driving-axle. This case corresponds 
to Oooch's link-motion. Substituting a? = and y = u in equation 
(84) we get the formulas (45) and (46), which were deduced for 
GooeVs link-motion. 

Case III. — The link and radius-rod both move vertically at the 
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same time (as was assumed in developing the general equation), but 
the link is straight; then p = oo, and equation (86) gives for the 
equation of condition 



or 



i.e. the ratio of the distance through which the link is lowered 
to the distance through which the radius-rod is raised, must be con- 
stant and equal to the ratio prescribed by the last formula. This 
corresponds to Allans link-motion. 

If we substitute x + y = u, also u = n x where n represents a 
constant quantity, we obtain from the preceding equations and the 
equations (84) the formula IV* (p, 128), which was before directly 
deduced for Allan's valve-gear. 

Oeneral Case. — A closer examination of the equation of <5ondition 
(86), shows, however, that the arrangements invented by Stephenson, 
Gooch, and Allan, are not the only possible ones, but that there are 
an infinite nvmber of cases varying with the choice of the radius p of 
the link. 

If we wish to actually construct the arrangement sketched in 
Fig. 35, it is only necessary that equation (86) should be satisfied, 
which equation may be also written in the following general manner : 



x + y 



It at once follows from this equation that y must always be directly 
proportional to x ; the ratio of the two values is constant and can be 
easily obtained from the last formula. Moreover, it is evident that 
the radius p of the arc of the link can be assumed equal or greater 
than the length of the eccentric-rods when, as assumed in the de- 
velopment, the link turns its concave side to the driving-axle, for 
p <l would make the radical imaginary. On the other hand, when 
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the link is turned about, i. e. when its convex side is turned towards 
the axle, we have 

x + y 




If, as will always be the case in practice, we suppose the link 
to be lowered when the radius-rod is raised, or viee versa, the pre- 
ceding radical becomes greater than unity, and then p must be 
greater than the length Zi of the radius-rod, if the limiting case 
(p = Zi) represented by GoocJis gear is to be avoided. 

This will suffice for the general case, for it is evident that the 
preceding formulas are applicable to crossed rods (when an opposite 
sign is given to the values of c in the formulas), and that the value of 
X becomes negative when link and radius-rod are simultaneously 
raised or lowered ; the object of this investigation is only to show 
that the formulas for Stephenson's, GoocKs, and Allan's link-motions 
are but special cases of more general formulas, and to point out the 
interesting fact that among the infinite number of possible cases 
practice has picked out by trial just those three cases which have been 
found to be theoretically the simplest and most feasible. 

We said above that, as regards the distribution of steam, neither 
Stephenson's, GoocKs, nor Allans link-motion deserved the preference. 
In respect to this distribution one doubt may still arise, and that is 
with reference to the lead ; the question is often put, whether a 
constant lead for all grades is really of such importance for an 
advantageous distribution of the steam as is believed by many, and 
whether, if a constant lead is not possible, a greater or smaller one 
at a higher expansion is to be permitted, i. e. whether in the case of 
Stephenson's and Allan's valve-gears, open or crossed eccentric-rods 
should be applied. A correct answer to this question can perhaps 
only be obtained through exact experiments ; for the present a certain 
amount of the lead must be taken as advantageous, but it must also 
be admitted, according to the calculations by Beuleaux (* Civil-inge- 
nieur,' vol. iii.), that the slight variations given by reversing-motions 
with variable expansion, have no disadvantageous influence upon the 
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action of the steam in the cylinder. Therefore, Stephenson's and 
Allan's valve-gears are not in this respect inferior to GoocKs, supposing 
the dimensions are so chosen that the lead does not increase too much, 
or disappear entirely, as may happen when the outside lap with crossed 
rods is not correctly determined. 

In conclusion, we must add a few words about a peculiarity of a 
few existing locomotive valve-gears ; namely, the laps are sometimes 
different on the two sides. Such an arrangement may be a necessity 
when the principal positions of the crank, in consequence of a very 
short conneetinff-rod, differ too much during the forward and return 
strokes, aftd when the beginning of the expansion and of the exhaust 
for each stroke are to take place at the same piston positions, i. e. when 
the piston is at the same distance from the hegirming of the stroke. 

But if the connecting-rod is long enough, there is no reason for 
the above arrangement, unless a fault in the design of the valve- 
gear should require such an alteration. But this fault is probably to 
be found in an incorrect suspension of the link or of the radius-rod 
supposing that we have Stephenson s or QoocKs system, but if we have 
Allan's valve-gear, the ratio of the arms of the double lever which 
carries the suspension-rods may not have been chosen so as to 
correspond with the formula given above. If the suspension is a 
correct one, and if the eccentric-rods are sufficiently long, our theory 
gives, even if the ^' missing quantity " is taken into account, no results 
which indicate the necessity of such an arrangement If the valve 
is adjusted to equal lead for one grade, then it is equal on both sides 
of the valve for all other grades, even when the eccentric-rods are 
short, as has been proved by theory and experiments. Of course it is 
another question, whether with short eccentric-rods the distribution 
of the steam will be an advantageous one for aU grades of expansion ; 
but this question is most decidedly to be answered in the negative. 
No possible alteration in the valve can in the least improve the 
distribution of the steam in such valve-gears. 

In the following pages we give the investigation of two link- 
motions, whose parts are quite differently arranged from those already 
examined. 
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CHAPTEE IV. 



Heusinger von Waldegg's Link-motion. 

Description of the Valve-gear. 

This valve-gear is represented in side elevation by Fig. 15, PI. III. 
is the centre of the driving-axle^ upon which is fixed the crank O R, 
and an eccentric E whose eccentricity D forms a right angle with 
the centre line of the crank. 

The eccentric-rod D C gives to the link C C, which turns on the 
fixed pin J, an oscillating motion. The link has a curved slot in 
which the sliding-block K can be moved up and down by means of 
the lifting-link K H, so as to produce a variable expansion ; the block 
is jointed to the radius rod P K. 

The radius-rod P K is connected at its end P with two levers M S, 
whose upper ends are jointed to the valve-spindle V V, while their 
lower ends turn in bearings S on the cross-head W. Each lever M S 
has thus a very peculiar motion given to it ; the end S moves back 
and forth with the piston-rod, the point P gets from the link another 
oscillating motion, and the second point M is thus given a motion 
which, as experience has shown, is suitable for working the valve. 



Fig. 36. 

L MiXM, MMj 







R^U 



The different parts are represented in Fig. 36 by lines only, but 
are distinguished by the same letters when in different positions. If 
the crank B stands at one of the dead points, thus in the position 
O Bi, the piston is at the beginning of the stroke, and the arm of the 



HEUSINGER VON WALDEGG'S LINK-MOTION. 143 

cross-head is at Ti Si. The centre line of the eccentric is at that 
moment at Di, the link occupies the central position Ci J Ei, the 
radius-rod is in the position Ki Pi, and the lever which goyems the 
yalyoHstem is at 81 Pi Mi. If the crank is now turned through 180°, 
i. e. into the position O Bq» the cross-head will have arrived at the other 
end of the stroke or at Ta 82, the link will again occupy its central 
position because the centre line of the eccentric has arrived at QD2. 
The radius-rod will again occupy the position Ki Pi, and the lever 
which governs the valve will be at the position 83 Ma, i. e. the valve 
will have travelled the distance Mi Ma during the supposed move- 
ment from right to left. If we bisect Mi Ma at X, this point marks 
the central position of the valve, for the movement of the valve must 
be a symmetrical one if we imagine the centre of the valve to be 
directly fastened to the end M of the motion-lever M 8. Moreover, 
the straight line X Pi T lies at the centre of the piston stroke Si 83. 
The distances Mi X and Ma X, therefore, represent the movements 
of the valve from its central position, when the crank stands at the 
dead points. As each of the two distances Mi X and Ma X represents 
the lead plus the outside lap, and as the first has to be constant for 
all grades of expansion, the position of the lever Mi Si or Ma Sa has to 
remain unaltered when the end Ki of the radius-rod Ei Pi is moved 
up and down in the link while the crank stands at one of the dead 
points ; the point Pi must not, therefore, alter its position while this 
raising or lowering of the radius-rod takes place. It will be at once 
seen that this is the case when the slot in the link is curved to an 
arc whose radius is equal to the length Ki Pi of the radius-rod. 
Moreover, it is best to put the turning-point J of the link on a line 
J Pi parallel to the direction of the valve-stem V V. 

If we follow by calculation the motion of the valve during any 
angular movement of the crank, it will be found that establishing 
formulas for the movement of the valve is connected with great 
difficulties, but if we are willing, to approximate, the relations sought 
become very simple. 

Let the eccentricity D = r (Fig. 36), the radius of the crank 
ß = B ; the half-length J C of the link = c, the distance J K of 
the sliding-block K from the centre of the link for any grade of 
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expansion = u. Next let Pi X = A be the distance of the point Fi 
from the valverstem W at the central position of the link, and 
Pi Y = Q Si = i the distance of the centre of the bearing S from the 
line J Q which is parallel to the yalve-stem. Finally, let us assume 
an eccentric and radius-rod as long as possible. 



Theoby op Heusinger von Waldegg's Link-motion. 

(a.) Determination of the Movement of the Valve. 

If we start from the position Ei of the crank, the link at that 
moment occupies the position CiEi, the motion-lever is in the 
position Si Mi and the centre of the valve is at the distance Mi X 
from its central position. Now, instead of supposing the crank and 
the eccentric to travel together through an angle ©, we shall imagine, 
in order that the matter may be better understood, that they turn 
separately. If we suppose the crank for the present to be fixed at 
Ri and turn the eccentricity r in the direction of the arrow through 
the angle Di D = ©, the point D of the eccentric-rod, and there- 
fore its point of connection C with the link, will move, approximately, 
as much as the distance F to the left, and this distance is = r sin &>• 
While the point C moves as much as C Ci = r sin © to the left, the 
link arrives at the position C J E, and the sliding-block Ki moves to 

E, so that 

KKi _ CCi 
JK "JC ' 

or according to our notation K Ki = - r sin ©. The movement of 

■c 

the point Ki causes the other end Pi of the radius-rod to move to P, 

so that approximately P Pi = K Ki = - r sin ©. Now, as the 

c 

crank is for the present supposed to be fixed at Bi, the arm Si Ti 

or bearing Si will not alter its position, and the motion-lever will 

pass, in consequence of the movement of Pi, from the position Si Pi Mi 

to Si P Ms and the centre of the valve from Mi to M3, provided the 

crank has not at the same time turned through the angle B Bi. 

Xet us first determine the movement Mi M3 of the valve. During 



THEORY OF HEÜSINGER VON WALDEGG'S LINK-MOTION. 145 



the movement of Pj towards the right, the point Pi leaves the 
straight line Pi J, for Mi Pi = M3 P, but as this deviation is always 
very small, it may be assumed approximately that the point Pi 
always moves like Mi back and forth in a straight line, and therefore 
that Pi P is parallel to Mi M3. Then follows, according to Fig. 36, 



hence 



A Ml Si M3 similar to A Pi Si P, 
Ml Ms Ml Si 



PPi - Pi Si 

or, according to the notation, and because 



XY 

PiY' 



we 



have 



P Pi = - r sin . 

c 



MiMs = 



h + k 



- r sm (0. 



(87) 



Fig. 36. 




hTiJ 



But M3 is not the true position of the centre of the valve ; for if 
the crank is now turned through the angle Ei E = ©, the arm 
Si Ti advances to S T, the motion-lever moves in the bearing S, 
while it (the motion-lever) turns round the point P, which is at 
present supposed to be fixed, and brings the centre of the valve from 
M3 to M, i. e. to the place it would have reached if the movements 
of the crank and eccentric had taken place simultaneously. The 
distance M M3 may now be easily calculated. We have 



therefore 



A M M, P similar to a S P Si, 
MM»: SSi = M»P : PSi, 



fraction r. ^ order to determine M M3. If we substitute the yalue 
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or, because 

MsP : PS, = XPi : P,Y = Ä : A, 

MM, = |.SSi. 

But S Si is simply the movement of the piston for the angular 
movement cd, hence 

S Si = T Tj = U Bi = E (1 - cos 0)) approximately. 

The influence of the length of the connecting-rod may here be 
neglected, as the quantity S Si has to be multiplied by the small 
h 
h 
of S Si in the above equation, we get for the latter 

MM8 = jE(l-cosa)). (88) 

The figure shows that at the present position E of the crank, 
the valve is at the distance M X from the central position, and we 
therefore have 

MX = MiX + MiM, - MMs. (89) 

But we also have 

MiX _ YSi 
XPi ■* YPi' 

or, because 

Y Si = E and Y P^ = *, 

MiX = Jr 

k 

If we substitute this value, as well as the results of equation (87) 
and (88), in equation (89) and reduce, we get for the movement 
M X = f of the valve from the centre of its stroke during the 
angular movement co 

( V ) f = j^ E cos 0) H ^ r sm w. 

If we put for simplicity 



|e=A, (90) 
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and for a certain grade of expansion, i. e. a given value of u, 

«i+*r = B, (91) 

e k 

the equation for the movement of the valve will be 

{ := A 008 <o + B sin ii>. (92) 

(6.) The Curve of OerUres. 

The abscissa for any point of the curve of centres, or, in other 
words, for the centre of any valve circle, is, according to a preceding 
proposition. 



and the ordinate 



OB-.-^i^'E, 



B0...iB.i»4i. 



for the formula for the movement of the valve of the present valve- 
gear has also the general form 

£ = A COS (0 + B siti (i>, 

the movements of the valve are, therefore, represented here also by 
chords of circles, which we have called valve circles. 

As the formula for the abscissa does not contain the value of ti, 
all points of the curve of centres have the same abscissa, and it 
follows that the required " curve " of the present valve-gear, as in 
OoocKsy is a straight line B d (Fig. 33), whieh is perpendicular to the 
line of motion X. 

Practical Application of the Diagrav. 

In practice it is only necessary, in order to be able to examine an 
existing valve-gear of the present system, or to design a new one, to 
know the equation for the movement of the valve. 

The equation is 

^ ^ ^ , uh + h . 

f = 7 K cos CD H — r sm cj. 

^ k c k 

L 2 
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The different letters have the significations already given, and only 
with respect to u is it necessary to add a few words, for the link 
may be so constructed, that at the last grade, i. e. when the radius-rod 
is completely raised or lowered, the slide-block K is either less remote 
from the dead point than the point of connection C of the eecentric- 
rpd, or this distance is greater than C J. The first case occurs in tlie 
valve-gears constructed by Heusinger. We shall, as before, designate 
by the distance of the slide-block from the dead point at the last 
grade, and at once explain the remaining features of this valve-gear 
by a particular example. 

We have chosen for this purpose a valve-gear employed by 
Heusinger von Waldegg on one of his small tank-engines. The 
principal dimensions are — 

Crank radius E = 0-14"» (5-5") 

Eccentricity r = • 032'» (1 • 28") 

Half-length of the link .. .. J C = c = O-lOS» (4-32") 
Distance of the last grade of expansion 

from the dead point of the link, 

thus J K = c, = 0-081" (3-18") 

Vertical distance of the point P from 

the axis of the valve-stem . . .. ä = • 028"* (1 • 16") 
Vertical distance of the point P from 

the centre of the bearing S .. .. h - 0-304"* (12") 

Outside lap e = 0-011"* (0-43") 

Inside lap i = • 002™ (0 • 07") 

If we assume four grades of expansion for the forward gear and 
four for the back gear, i. e. n = 4, all questions with respect to the 
distribution of the steam may be easily answered from these data. 

We must first calculate the co-ordinates for the centre of the 
valve circle of the last or fourth grade by substituting w = c in the 
following formulas : 



and 



BO.'»E 



2 c k 
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and 



Substituting the data given above, we get 
OB = 0-00645» (0-25") 

BC4 = 0-0131» (0-52"), 



and laying off these values in Fig. 37 we get the centre C4 of the 
valve circle for the last grade. 

This constitutes the whole of the calculation, for the centres for 
the valve circles of the other grades are obtained simply by dividing 
the ordinate B C4 into as many parts 
as there are grades, in this case into 
fofwr. If we now describe from C4, C3, 
Ca, Ol, and B circles with C4 0, C3 O, 
&c., &c., as radii, and also from the 
lap circles with the laps e and i as 
radii, the diagram is complete, and we 
may proceed to investigate the distri- 
bution of the steam in exactly the 
same manner as in the case of the 
valve-gears already described. 

The diagram is exactly the same 
as that for Gooch's valve-gear. As 

all valve circles cut the axis of the abscissa at the same point Pi, 
the lead Pi Vi is constant for all grades, and that was just what 
Heudnger sought to accomplish. In the valve-gear under examina- 
tion the outside lead is equal to • 002" (0 • 078"), and the inside one 
0-011» (0-43"). 

The method of ascertaining the distribution of the steam from 
the above-given dimensions of the valve-gear has been already 
sufficiently explained. 

But it is of special importance to determine for certain conditions 
certain parts of the valve-gear, for example the outside and inside 
lap, the eccentricity, &c. We can safely assume that in practice in 
the formula for the movement of the valve 




Ä _ uh + h 
{ = 7 K cos Ü) H r— *■ Biu w, 
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the length B of the crank is known and also the values of h and k 
(Fig. 36). It will only be necessary to take care that % is as small 
and h as large as possible. Next the vertical distance L Ti == ti^ between 
the centre lines of the valve-stem and piston-rod is to be taken as 
given, and also the haK-length of the link, which with suflScient 
accuracy may be assumed as e =: CiJ = TiQ = w — h. Moreover, 
any value may be chosen for Ci, i. e. for the distance of the last grade 
from the dead point J of the link. 

The method which has to be followed in designing a new valve- 
gear is indicated by the following example. 

In a valve-gear on Heusinger von Waldegg's system it is required 
that steam shall be admitted at the last grade of expansion while 
the piston travels through 0*825 of its stroke, and that the exhaust 
shall begin when the piston has still to travel through 0'045 of its 
stroke. There is given 

B = 0-14» (5-5") 
c = 0-108» (4-82") 
c, = 0-081« (3-18") 
Ä = 0-028™ (1-r) 
* = 0-804» (12") 
the outside lead = 0-002» (0-078"). 

The eccentricity r, as well as the outside and inside lap, are to be 
determined, and then the distribution of the steam for all other 
grades of expansion is to be examined, there being four grades for 
the forward gear and four for the back gear. 

Draw the two axes O M and O P2 (Pig. 38), and describe, to any 
scale, the crank-pin circle M B Ei. If we suppose the piston to travel 
on the diameter from M to N, the admission of the steam must cease 
at Ml, so that M Mi = 0*825 . M N. Erect the perpendicular Mi Bi, 
meeting the crank-pin circle at Bi, and connect B^ with O by the 
straight line OBi; this is then the position of the crank at the 
beginning of the expansion. Calculate next 

A = 7» = 0-0129 = OPi. 

If we lay off the value of the outside lead Vi Pi = • 002» (0-07") 
from Pi towards 0, then Vj = e is at once the required outside 
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lap, which is found by measurement to be 6 2= O'Oll" (0'43") if we 
assume that Fig. 38 is drawn full-size. 

Describe from O, with the lap 6 as a radius, the circle Vi V4 ; it 
intersects the position Kj of the crank at V4 ; now drawing a circle 
through the three points Y^ O 
and Pi we get the valve circle 
corresponding to the 4th grade.v 
For the distance B C4 of its centre 
from the axis O M we have given 
1 IciÄ + Ä 

The distance 6 = B C4 is to be 
measured; for the present case 
6 = 0- 013'- (0 • 57"), therefore from 
the last equation we get 




r = 



Cik-\-h 



2 5. 



Substituting the known values in the right-hand member of the 
equation we obtain the required eccentricity 

r = 0-032» (1-25"). 

In order to determine the inside lap i, it is to be observed that 
the exhaust must hegin when the piston has still 0'045 of its stroke 
to travel. Make therefore N Ma = • 045 M N, erect at M3 the 
perpendicular Ma Ra, and produce Ea beyond to the point of 
intersection W3 with the valve circle. O W3 is the required inside 
l»p, which measurement shows to be 

0W8=i = 0-002« (0-08"). 

Describing the circle W3 W4 with t as a radius, and next the other 
valve circles, it will be easy to at once inspect the distribution of the 
steam for all grades of expansion. 

The examination of the diagram of HetMinffer*8 valve-gear shows 
that the aim, to produce a constant lead, is completely attained, and 
that the valve-gear, in respect to distribution of the steam, is 
equal to those already examined. Heusinger's construction is, 
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without doubt, very ingenious, but too complicated ; the remark 
made at the end of the investigation of Gooch's valve-gear, viz. 
that the constant lead is purchased at too high a price, is even more 
applicable here. 



GHAPTEK V. 

Pius Fink's Link-motion. 

Description of the Valve-gear. 

This valve- gear, which is represented by Fig. 16, PL IV., and 
for which the inventor took a patent as long ago as April 1857, is 
the simplest link-motion in existence, and has often been applied. 
is the driving-axle, O R the crank, and D an eccentric with an 
angle of advance of 90°, whose sheave is directly and immovably 
fastened to the link G C. A sustaining arm G Q, which swings 
round the fixed pin G, is jointed to this link at the point Q, so that 
the point Q moves back and forth almost exactly on the centre line 
of the stroke O B, while oscillating movements of the link take 
place round this point simultaneously with the turning of the 
axle. 

The radius-rod M Bi, which is connected at Bi with the valve- 
spindle, is moved up and down in the link C by means of the 
bell-crank lever E K L (Fig. 16, PL IV.), with which it is connected 
by the lifting-link E T. The engine then runs in one or the other 
direction according as the sliding-block M is placed below or above 
the dead point J of the link ; moreover, the distance J M governs 
the grade of expansion. 

This valve-gear has especially been used for stationary engines 
working with variable expansion but always running in the same 
direction. For such cases only one-half of the link is constructed 
(see Fig. 17, PL IV.) and the sliding-block M is then fixed at any 
required point M of the link by means of a screw. This difference, 
viz. whether the shifting of the radius-rod is effected through a bell- 
crank by means of the suspension-rod E T, as in Fig. It), or whether 
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the point M is fixed in the link by a screw, must be taken into 
consideration during the theoretical investigation, for the movement 
of the valve will be different in the two cases ; in the first arrange- 
ment the slide-block M will slip up and down in the link between 
certain unfits, while in the second it will not slip. 



Theory of Pius Fink's Link-motion. 
(a.) Determination of the Movement of the Valve. 

We shall at first investigate the arrangement shown in Fig. 16, 
PI. IV., and shall suppose the radius-rod to be moved up and down 
by means of a bell-crank lever. If in Fig. 39, B is the direction 
of the valve-face and O Z the centre line of the cylinder, the crank 

Fig. 39. 




stands at a dead point when in the position Bq and at this instant 
O Dp indicates the line of eccentricity r. The angle of advance is 
therefore Y D© = 90° ; and if the crank is moved in the direction 
of the arrow through the angle ©, the eccentricity will move to 
the position O D, and all other parts of the valve-gear represented in 
the figure correspond to this position. 

We will suppose that the point Q, which is situated on the con-' 
necting line D J between the centre D of the eccentric and the dead 
point J of the link, moves back and forth exactly on tlie line of 
motion OB; at least we may neglect the variations which will be 
caused if we take the sustaining arm QGr. very long and its fulcrum 
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G so that the chord of the are which the point Q describes is 
parallel to OB. Moreover, in the following calculations we shall 
represent the two parts D Q and Q J of DJhja and b respectively, 
and the inclination D Q O of this line to the direction of stroke, 
when crank-angle = », we shall represent by (f). We shall again call 
the whole length of link C Ci = 2 c, and for the present suppose the 
link to be an arc whose radius is equal to any length />. Let the 
point M which represents the position of the sliding-block for the 
corresponding position of the crank have the co-ordinates J N = a? and 
NM = ^, the dead point J as the origin of co-ordinates and DJ as 
the axis of abscissa. Next let Bi M = Z represent the length of the 
radius-rod and Bi B = Zi the length of the valve-stem measured to 
the centre of the valve. Now if the suspension-rod E T is long, and 
if its fixed point E is chosen correctly, the point T, and therefore the 
end M of the radius-rod, i. e. the sliding-block in the link, will move 
almost parallel to the centre line of motion OB, and the normal 
distance M L = w will be a constant one for a certain position of the 
bell-crank lever BKL (Fig. 16, PL IV.). In all valve-gears 
hitherto examined we represented the distance J M of the slide- 
block from the dead point of the link by u ; but in the present case 
it is more correct to make the distance ML = u, because we thus 
show in the formulas the influence of the slip of the slide-block M in 
the link upon the movements of the valve. 

We must now determine the distance of the centre of the valve 
B from the centre C of the axle for the position of the crank 
Eo E = Ö). If we drop (Fig. 39) from the points D and N on OB 
the perpendiculars D F and N K, we have, as will be seen from the 

figure, 

OB = OF + FQ + QK-|.KL-|-LB, +BiB, 

or, as will be seen at once, 

OB = rcosü) + acos<i(»-|-(6-|-aj)oos<i(» 



+ y sin <i(» -h VP - tt* + Zi- (93) 
There exists in addition the relation, 

y cos = M + (6 4- ») Bin>; (94) 
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and as the link is to be curved to radius p^ we haye 

or, when tlie radius p is proportionately large, and consequently the 
arc of the link flat, we have more simply, 

f = 2px. (95) 

Finally, we get from the calculation of tlie length DF, 

r sin (0 =: a sin 0. (96) 

The four equations above given comprise the entire theory of 
the present valve-motion ; for if the quantities a?, y and <^ are 
eliminated, by means of the last three equations, from equation (93), 
B is then only a function of 6> and u^ and the ascertaining of this 
relation is the very object of the investigation. The exact calcula- 
tion would lead to very complicated formulas, but we may with 
sufficient correctness proceed approximately as follows. Jn equation 
(93), when the eccentric-rod is long and the link proportionately 
short, i. e. when I is large and u small, we may write for the quantity 
under the radical, 

Substituting also in equation (93) the value of y obtained 
from equation (94), the former after reduction becomes 

^ ^ b 4- u sin d> x , . i*' 

OB=rcos<o + acos0+ ^ — ^+ — -.+Z + /j- " . 

cos cos ^ 2Z 

The value of x may be calculated from equation (95), and as this 
value is of itself very small, we can obtain the value of y from 
equation (94), by putting there oj = ; then follows from (94), 

tt 4* ^ sin 



and then from (95)^ 



y = x"^ » 

COS0 



_ (tt + 5 sin f^y 



2 p 008*-* 
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and by substituting in the last equation for B, 

rfc T> . , , b + tt sin 

OB = rcos(o + a cos <p H ^ — — 

cos (p 

Finally the angle <^ must be expressed in terms of o); from 
equation (96) follows : 

sm A = - Bin (I), 



cos = a/ 1 J sin* (0, 

or, when a is large enough in proportion to r and the radical is 
replaced by a series in which all powers higher than the second are 
neglected, 

COB = 1 — TT— 5 sin* (0, 
Ä or 

then follows, approximately, 

COS <f) 2 a' 

and 

1 r* 

jp-, = 1 + 3 . jr— r. sin« Ü). 

cos^ 2 a' 

Using these values in the last equation for O B and neglecting 
all quantities which contain powers of - sin 6> higher than the 
second, we get finally, 

OB = rcosa>+~(^l + -)sinö) + a + & + i + ^i + ^ 

-l;-is(»-'-^^^)■'°•- <") 

According to this formula the distance of the valve centre from 
the centre O of the axle may be calculated for a certain position « 
of the radius-rod and for any position « of the crank. 
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If the crank stands at one of the dead points, and therefore 
0) = Oy this distance will be 

r + a + b+l+h+f^-fl' 

If the crank stands at the other dead point, and therefore 
a> = 180°, this distance is 

-r + a + h + l + k + f^-^^' 

As the valve is to be set so as to have equal lead, the mean of 
these two values gives the distance O X of the centre of motion of 
the valve from the centre O of the axle^ This distance is 

0X=a + 6 + l + i. + |l-|!. 

But the centre X must be the same for every position of the 
radius-rod ; hence O X must be independent of w, and this is the 
case when p = I; from this follows the rule : — 

In FinVs valve-gear the link must he curved to an arc whose radius 
is equal to the length of the radius-rod Bi M = Z. 

Putting now into the equation for O X, as well as in equation 
(97), /:> = Z, we finally get from the formula 

f= OB-OX, 
the movement of the valve 

t = r cos (oH (l+rjsmü) 

and if we may neglect the last quantity, which represents the 
" missing quantity," on account of its very small value, as is always 
possible when there is a good distribution of the steam, we get the 
simple equation 

f = r cos Ü) H (^ + i) ®^^ ***» (^^) 

which in form is the same as those obtained for all valve-motions 
hitherto examined. 
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The reBults above obtained are based upon the arrangement 
shown in Fig. 16, PI. VI., or Fig. 39 ; if however, the sliding-blockM 
is not kept by means of the rod E T parallel to the centre Une of 
motion O B, and therefore is not forced to move up and down in the 
link, but is fixed in the liuk at the point M by a screw, the results 
above obtained cannot be employed without modification ; but there 
is no difficulty in at once ti-ansforming the formulas, so that they 
may correspond to the altered conditions. M L = u is then no 
longer constant for a certain degree of expansion (Fig. 39), but this 
is now the case with the length JM, which may be represented 
correctly enough by y. But according to equation (94) we have 
tt = y cos — (6 + fl?) sin <f>j 

and if we put here, as above, 

2p 21' 



as well as 

and 

then follows 



sm r: - Bm <i>, 

a 



1 r* 

cos rr 1 — ^ — sin* 0), 



2 a« 



— sm (o = -r sm 0) — ( 6 + ^, ) -, sm* at, 
a a \ 2 Z/ a* 

as well as 

♦^«* . . ^y" . , 
— ^ sm" (0 = — |- sm* Ü). 
or or 

Using these two equations for eliminating from equation (98) the 
value of Uy we get, after a few reductions, for the present case 

f = r cos 0) H — ^ fl + J j sin (I) 

-l^^i^ + ^ + T-fi)'^'"' <ioo) 

this formula diflfers from equation (98) only in the " missing quan- 
tity " ; when this quantity is small enough the last equation reduces 
to equation (99) with the difference that here y represents the 
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distance betweea the sliding-block M and the dead point J of the 
link, while in equation (99) u represents the normal distance of the 
sliding-block M from the centre of motion B^ i. e. the distance M L. 

(i.) The Ou/rve of Centres. 

If Fink's valve-motion is such that the " missing quantity " may 
be neglected, then from what was said concerning the curves of 
centres of the other valve-motions we know that the co-ordinates of 
the centre of the valve circle corresponding to the position u of the 
radius-rod can be obtained from the formulas : 

2^ = r 



jB,r-"(l+|). 



2® ^2 



Now, as ^ A is constant for all valve circles, their centres are 

situated above each other ; the " curve " of centres is therefore, as in 
the valve-motions of Oooch and Heusinger von Waldeffg^ a straight 
liney which is perpendicular to the line of stroke. A further investi- 
gation of the present question would only be a repetition of what 
has already been given in connection with the valve-motions last 
mentioned. 

(e.) The Suspension of the Link and of the Radius-rod. 

We shall first discuss the suspension of the link. This is effected 
by means of the sustaining arm 6 Q, which swings round the fixed 
point G (Fig. 39). The theoretical investigations respecting the 
movement of the valve supposed that the point Q moved backwards 
and forwards on the line of motion B ; in order to fulfil this con- 
dition as nearly as possible, the link G Q must be made as long as 
possible, and the centre G must be situated so that the chord of the 
arc in which the point Q really moves is parallel to the centre line 
of motion. The abscissa P of the centre G is obtained by this 
last requirement. We find for any crank -angle to the distance O Q 

(Fig. 39), 

OQ = OF + FQ = rcos<o+«oos<^. 
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Now if the crank stands at one of its dead points so that o) = 0, 
and also ^ = 0, the corresponding value of Q is 

r + «• 
If the crank, however, stands at the second dead point, so that 
0) = 180°, then again <^ = 0, and it follows that the value of Q is 

-- r + a. 

The mean of these two values is simply a. The point P, below 
which the fixed centre Or must be placed at the distance GP, is 
therefore at the distance P = D Q = a from the centre of the axle. 

As regards the suspension of the radius-rod, the problem is to 
keep the sliding-bloek M (Fig. 39) at a constant dit^tance M L = w 

Fig. 39. 




from the line of motion B. This condition is best fulfilled when 
the point T, at which the suspension-rod E T is fastened to the 
radius-rod, moves in an arc the chord of which is parallel to the 
centre line of motion, and when the radius of this arc, i. e. the length 
Za of the arm E T, is taken as large as possible. The abscissa S of 
the point T for a certain position u of the sliding-block M and crank- 
angle Ü), is now easily determined as follows : — 

We have 

OS = OB-BBi-BiS 
and 

BjS : B^T = BiL : B^M. 

If we put Bi T = Iq, and, as before, the length of the radius-rod 
Bi M = Z, the above proportion gives 



B,S = lVr-tt«; 
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or approximately 

Representing the length of the valve-stem BiB by 7i (measured 
to the centre of the valve), and using in the equation for O S the 
equation (97), neglecting there the last term (the '^ missing quan- 
tity ") and substituting I for />, we get 

OS = rcos 0) + ^ (l + ^) sin 01 + a + t + i - io + 1^- 

If the crank stands at one of the dead points, so that a> = 0, 

the corresponding value of S is 

W 
2Z* * 



r + a + b + l^lo + 



If the crank is at the other dead point, so that 6> = 180^, the 
value of S becomes 

-r + a + 6 + Z-Jo+l^. 

The mean of these two expressions gives that central position of 
ike swinging point T for which the arm E T has to be vertical ; and 
the abscissa O H = a; of the point E for the corresponding position u 
of the sliding-block M is therefore 

OH = « = a + 6 + Z - Zo + |j". (101) 

The ordinate H E = y of this point is, however, 
HE = ET-ST. 

Substituting Zj for the length of the arm E T, and considering the 

proportion 

S T : M L = Bj T : Bj M, 
or 

S T : tt = ^ : Z, 

we get also 

HE = y = Z,-.^%. (102) 

The co-ordinates x and y of the point E are now calculated by 
the aid of the two equations (101) and (102) for every position u of 
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the sliding-block ; the course of the curve E1EE2 in which this 
point E must move up and down, so that the guiding of the radius- 
rod may be as perfect as possible, is thus easily determined. 

For the dead point of the link, i. e. for i« » 0, this turning point 
falls at Eo> and the co-ordinates x ss Xo and y =^yo for this point are 

therefore , , , . v 

»0 = a + 6 + i - ^0, (103) 

yo=t (104) 

The position of this point Eq may now be easily ascertained. 
Combining equations (101) and (102), we get 

W 
k 

and, by eliminating u, the equation of the curve Ei Eo E,, 

and this is the equation of a parabola whose parameter is 2 7o, whose 
principal axis Eo Eo^ is parallel to the line of motion O B, and whose 
arc (for 2 l^ will always be large) can again be replaced by a circular 
arc of the radius Iq. 

We get thus, with reference to the suspension of the radius-rod, 
the following practical rule : — 

Choose the length l^ of the suspension-rod E T as long as possible, 
calculate the co-ordinates of the point Eq according to the equations 
(103) and (104), and draw through this point the line Eo E©^ parallel 
to the line of motion O B. From Eq^ describe now, with the length 
BiT=:Zo as radius, a circle E1E0E3 which passes through Eo; 
this then is the arc in which the fulcrum E of the suspension- 
link has to be moved up and down in order to produce a variable 
expansion. The valve-gears on this system, as executed at the 
present time (compare Fig. 16, PL IV.), are not constructed accord- 
ing to this rule, for the arm E K of the bell-crank lever E K L is 
taken shorter than the part Bi T of the radius-rod. But a simple 
change in the design would easily effect the required movement of 
the point E. 
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Practical Application of the Diagram. 

If we neglect the " missing quantity," the movement of the valve 
in this valve-gear, according to equations (98) and (100), is 



§ = r cos Ü) + — ( 1 + =- j sm <i>, 



the different letters having the same signification as those given on 
p. 154. Hence, if the coefficients of cos. o> and sin o> are determined, 
the valve circles for different values of u may be drawn ; and, on 
account of u appearing in the equation, a diagram for this valve-gear 
is obtained which is of the mrrie form as that of the valve-gear by 
OoQch (p. 119) and that by Heusinper von Waldegg (p. 149). It 
seems, therefore, unnecessary to explain the application of the 
above formula and the construction of the diagram by a special 
example, as we should simply have to repeat what has already been 
stated. But the peculiarities of Fink's valve-gear may be shown 
here by comparing it with those previously examined. 

We obtained for the two methods of moving the sliding-block in 
the link represented in Figs. 16 and 17, PI. IV., two different 
formulas (98) and (100) for the movement of the valve; these 
formulas differ in the ^^ missing quantity," and in the fact that in one 
formula y or w represents the distance of the sliding-block M from 
the centre line of motion (M L, Fig. 39), and in the other the 
distance of the block M from the dead point J of the link (or, with 
sufficient exactness, the part M N in Fig. 39) ; in the first case, the 
sliding-block moves for a certain distance up and down in the link, 
while in the other case it is fixed. But the fact that the same 
formula for the movement of the valve under a different signification 
of u is obtained in both arrangements by neglecting the "mMngi 
qtiantity,^' leeAs to the conclusion that the two parts M L and MN 
(Fig. 39) ought not to differ much from each other. But this 
condition is fulfilled, as an examination of the figure shows, when 
the eccentricity O D = r is taken small, and the distance D Q = a 
as large as possible. The ^^ missing quantities " themselves indicate 
that the ratio r : a must be as small as possible. A further exami- 
nation of the figure shows that the required condition will be fulfilled 

M 2 
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Pig. 40. 



by choosing the part Q J — i as small as possible ; it therefore seems 
best, as it is easiest, to choose the value i = 0, i/e. to connect 
the link with the sustaining arm G Q at the dead point J. We may 
add to these rules the condition already stated during the develop- 
ment of the formulas, namely, to choose the length of the radius-rod, 
i. e. the radius of the link, as large as possible. 

Now, supposing the above-giv^a conditions to be fulfilled as far 
as possible for a certain case, the question may arise whether Fmk's 
valve-gear, on account of its great sin>plicity, is able to replace, 
especially on locomotives, the valve-gears by Stephenson, Oooch, and 
Allan. 

In order to answer this question let us solve the problem of 

designing a valve-gear on Fink's 
system, which has to produce egcaetly 
the same distribution of the steam as 
the valve-gear on Choeh's system, 
chosen for the problem on p. 119. 

We found there for the last 
(fourth) grade of expansion, i.e. for 
t* = c, and for the dimensions given 
in that problem, the co-ordinates of 
the valve circle (Fig. 40) : 

OB = 0-0U»(0-65") 
and 

BC4 = 0-027« (1-06"). 

In the Fink's valve-gear assumed, let 2» = and the radius-rod 
take its extreme position, i. e. t* = c (ö representing the half-length 
of the link), then (for the diagram Fig. 40) from pr^eding propositions 
and the equation 

f s= A cos 0) -I- B sin Ü) = r cos co H sin «d, 




we have 


OB=^iA=^r 


and 






bo.= 'b = ^'-». 
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and substituting the given numerical values, we get 

r = 0-028* (1-r) 
and 

- = 1-98. 
a 

From this fpllows, that the full length 2 c of the link in Fink's 
valve-gear must in the present case be nearly /ot^ times the length 
D Q = a ;. the same distribution of the steam could, therefore, only 
be produced by a very long link, eis the length a had to be taken 
as large as possible ; but the supposition of a long link contradicts 
the supposition made when developing the principal formulas, where 
the distance u, and consequently c, was assumed to be small in com- 
parison with the length of the radius-rod L These remarks suffice 
to show that Mnk's valve-gear is only applicable for smaller periods 
of admission and high expansion, and that it is therefore inferior to 
Stephenson' Sy OooeVs and Allan's gears. 

But the "missing quantities" of the formulas (98) and (100) 
indicate that Fink's valve-gear fulfils the conditions required for a 
good valve-gear less satisfactorily than the others. A closer exami- 
nation of actual constructions has shovm that the " missing quan- 
tity" in Fink's valve-gear has a proportionally greater influence 
than in other gears ; consequently more disadvantageous deviations 
from the correct movement of the valve appear. 

In the arrangement with slipping-block (Fig. 16, PI. IV.) we 
have, according to formula (98), the ** missing quantity " 

The same quantity for the other arrangement with fixed block 
(Fig. 17, PI. IV.), according to formula (100), is 



-lU'*'^-,-^-^'- 



The " missing quantity " varies with the crank angle w ; it is nil 
only for Ö) = and 6> = 180°, i. e. when the crank passes through 
the dead points ; it is, however, greatest f or w = 90° and 270°, and 
for the present valve-gear this is especially unfavourable. As this 
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valve-gear is principally used for high expansion, i. e. for short cat- 
offs, the ^* missing quantity " will exercise its greatest infiaence at 
just those crank angles which generally correspond to the beginning 
of the expansion, that is, at just the moments when the variations of 
the movement of the valve ought to be avoided. 

8tephensan*8y OoocVs, and Alla/rCs valve-gears show more favour- 
able results in this respect. The ^'missing quantity " for these three 
constructions was of the same form : 

+ o~i (^'* 2 8 sin 0) ± - sin 2 8 cos (oj sin w. 

(See pp. 73, 111 and 128.) 

This value in these cases becomes nü not only for two, but for 
fovr positions of the crank, not only for 0) = and 180°, but also 
for the angles which are obtained from the formula 

tan 0) = q: - tan 2 8 ; 
c 

for the particular case of open rods and the highest grade of expan- 
sion, i. e. for 1* = 0, we get o> = 180° - 2S and = 360° - 2S. . 

Diflferentiating the "missing quantity" with respect to », we 
determine the crank angle at which this quantity is a maximum from 
the formula 

tan2o)= ± -tan 2 8, 
c 

which gives four values. The " missing quantity " becomes a maxi- 
mum for open rods (upper sign) and the highest grade of expansion 
when the crank angles are 

o) = 90° - 8; 270° - 8; 180° - 8; 860° - 8. 

Hence, the greatest variation takes place when the valve is at 
the greatest distance from the centre of its stroke, and also when it 
passes through the centre of its motion ; but these are the positions 
at which the variations evidently influence the distribution of the 
steam least. 

All these observations show that Pink's valve-gear is most 
decidedly inferior to the other valve-gears, and that it can scarcely be 
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applied to locomotives. In many cases, however, it is applied with 
advantage to stationary engines on account of its simplicity.* In the 
/ Givilingenieur/ Bd. 19, 1873, p. 222, the engineer Hvmm has 
shown analytically that the eurved link in Fink's valve-gear could 
be replaced by a siraigU linhy provided the link were lowered verti- 
cally when the radius-rod was raised, and vice versa, after the manner 
of Allan's valve-gear. A still more general treatment of the problem 
is suggested by the comparison of 8tepheti8on% QoaeVs, and AUa/rCs 
valve-gears given on p. 134. 

* [^^Prof, Zemier's yiews of the unsuitableness of the 'Fink' link as a reversing-geBX 
are correct, and for the reaflons fie gives. But the nse of the hcUf-liok in the Porter- 
Allen engines (it is in connection with these engines that the Fink motion was first 
brought into extensive use) shows that when compression is judiciously applied, then 
the cut-off points may be made praoticaUy * symmetrical ' up to the half-stroke at the 
expense of. a variable lead^ the variation of which is in opposite directions for the two 
strokes. Before cushioning was used in these engines the variability of the lead made 
it almost impossible to obtain quiet running «nder varying conditions."] 
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On THX GoUNTSB-PBBSSUBB of StBAM in EnOINBS with BsYlSlUSINa-OBAIL 

All the aboye inyestigatioiis on the distribution of steam by link-motions 
started with the supposition that the link-motion worked in fore-gear when 
the engine was running forward, and in back-gear when the engine was 
running backward ; in other words, it was assumed that the steam acted in 
the locomotiye cylinder so as to cause a progressing motion, or relatively, 
an acceleration of the motion. 

But there is one case now of special interest, and which we will call 
the '^counter-pressure of the steam," which can arise in all engines 
provided with reyersing-gear ; we shall therefore in the following say a 
few words about this case, as our diagram will explain it without re- 
quiring any further alterations or additions. Lechatelier^a proposition to 
use counter-pressure of steam as a brake for stopping railway trains, has 
giyen this question greater importance. 

If we suppose a locomotive to be running at a high speed, and the 
yalye-motion suddenly reversed so that the valve-gear works in a reversed 
manner, for example so that the valve-gear distributes the steam during 
the forward course of the engine in such manner as would cause the 
engine to run backwards were a new start being made, very peculiar effects 
will evidently occur. This much will be at once seen, that the speed of 
the locomotive and train will be diminished, and that the steam will act 
against the piston. In order to explain the effects which occur in this 
case, we will suppose a locomotive with Stephenson's valve-gear; the 
chief positions of the piston for the different (four) grades of expansion are 
represented by the upper part of Figs. 8 and 10, PI. II., Fig. 8 repre- 
senting the valve-gear with open rods, and Fig. 10 that for crossed ones. 
Now suppose the engine to be running forwards, the valve-gear in fore- 
gear and the piston travelling away from the main driving-axle, as indi- 
cated by the arrow (Figs. 8 to 10) ; then, from what has preceded we know 
that these four positions of the piston a, 6, c, and d correspond to the 
following occurrences : — 

a Beginning of the expanaon, in cylinder end nearest to driving-axle. 
b „ „ compression» „ fuiihestfrom „ 

c „ „ exhaust, ,, nearest to „ 

d „ „ admission, „ farthest from ,, 
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But the representation may become dearer by decdgnating the distances 
trayelled by the piston. 

The oocnrrences in cylinder end nearest to driving-axle are 

Distance H a admiflslon of the steam (admission) ; 
„ ac expansion of the steam ; 
„ c E release of the steam (pre-ezhanst). 

But the occurrences in cylinder end farthest from driving-axle are 

Distance H 6 release of the steam ; 

„ bd compression of the steam ; 

'„ dK admission of the steam (pre-admission). 

By means of these values, which have been obtained from the diagram, 
it is now easy to imagine the corresponding indicator diagram and to judge 
of the work performed by the steam. 

Let us investigate the counter^ffect of the steam, and accordingly sup- 
pose that the engine runs forwards while the valve-gear at one of the four 
grades of expansion is in hack-gear ; the order of the four principal positions 
of the piston wiU then he simply reversed, or the arrow which indicates 
the stroke of the piston in Figs. 8 and 10 must be drawn in the opposite 
direction. 

If we therefore suppose the piston to travel from K towards H 
(Figs. 8 and 10, PL IL), the four principal positions of the piston will 
correspond with the following occurrences : — 

d Beginning of the expansion, in cylinder end farthest from driving-axle. 
c „ „ compression, „ nearest to „ 

6 „ „ exhaust, „ farthest from „ 

a „ „ admission, „ nearest to „ 

Or, if we again express the occurr^ices in terms of the distances travelled 
hy the piston, we have 

In cylinder end farthest from driving-axle : 

Distance K d admission, 
„ db expannon, 
„ 6 H exhaust (pre-exhaust). 

Occurrences in cylinder end nearest to driving-axle : 

Distance K c exhaust (more correctly, cylinder space communicates 
with the exhaust-port) ; 
„ c a compression ; 
„ a H admission (pre-admission). 

Thus it is easy to get an idea of the effect of the steam in the cylinder, 
and to imagine the corresponding indicator diagram. If we examine more 
minutely the occurrences in cylinder end farthest from driving-axle, we 
shall find that fresh steam enters into the cylinder while the piston travel^ 
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the dLsiance Kd^ which is partioolarly short at the last grade. At d the 
cutting-ofi^ and consequently the expansion, begins, lasting until the piston 
arrives at & ; the distance d h daring which expansion takes place, is now so 
large in comparison with the distance E d, during which admission of the 
steam takes place, especially at the farthest grade of expansion, that the 
pressure of the steam in the cylinder generally sinks almost to or below 
the atmospheric pressure. The exhaust-port, which for the present is sup- 
posed to communicate directly with the open air, opens when the piston 
arrives at h. If at this instant the pressure of the steam in the cylinder is 
below that of the atmosphere, this inequality will disappear by the outside 
atmospheric air entering the cylinder (no steam is therefore admitted) ; but 
if the pressure of the steam in the cylinder has not fallen, in consequence of 
the expansion, to or below the atmospheric pressure, then enough steam 
escapes at the moment of opening the exhaust-port, to bring the remaining 
steam to atmospheric pressure. 

The piston, when it has travelled the distance &H, has reached the 
end of its stroke, and during this whole distance the outside air is draum in 
through the common exhaust-port, so that when the piston has arrived at 6, 
the whole cylinder is filled by the atmospheric air and the small volume of 
steam which entered while the piston travelled the distance E d. Exactly 
the same occurrences will also take place in cylinder end nearest driving- 
axle while piston is returning to the position E after it has travelled through 
the distance H E. Now let us suppose that the piston has returned to the 
point E, and let us again follow it during its travel from E to H, but this 
time direct our attention to the occurrences which take place in cylinder end 
nearest driving-axle (Figs. 8 and 10, PI. II.). The whole space of the 
cylinder, at end nearest driving-axle, is filled with atmospheric air and a 
little steam. The exhaust-port is still open for the comparatively short 
distance E c, and a small portion of the air will therefore be again driven out, 
while the remainder will be slightly compressed ; but the exhaust-port shuts 
when the piston arrives at c, and the compression begins here, and lasts until 
the piston occupies the position a. 

The port for the admission of the steam opens at a and remains open 
during the remaining distance a H of the stroke of the piston. The steam 
from the boiler will mix at a with the compressed air, and the whole mass 
<^ air and steam will be pressed into the boiler, when nearly the full boiler 
pressure must be overcome. We see, therefore, that the steam-engines of a 
locomotive, subjected to the '' counter-efiEbct of the steam," no longer act as 
prime movers, but as "air-pumps"; they are driven by the work, which 
exists in the form of vis viva in the moving train, and nearly a full volume 
of atmospheric air is drawn into each cylinder at each stroke of the piston, 
and then compressed and driven into the boiler ; four cylinder volumes of 
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air will therefore enter the boiler of a loeomotiye at every revolntion of the 
driving wheels. 

It is easy to anderstand that the ''counter-effect of the steam" in 
locomotives causes the pressure of the steam in the boiler to rise qniokly, 
but that is not the principal reason why " the countor«effeot of the steam " 
has hitherto been applied as a brake only in emergencies, for another 
disadvantage of a more serious character is connected with this method 
of using steam. In locomotives the exhaust^port does not open directly 
into the air, but communicates by means of the exhaust-pipe with the 
interior of the smoke-box. Consequently, suction will not fill the cylinders 
with pure air, but with the products of combustion from the smoke-box, 
which have not only a very high temperature of 500^-600° F., and 
upwards, but also carry with them a great many unoonsumed parts of the 
fad. The hurtM influence upon the engine and boiler of continually using 
the counter-pressure of the steam will therefore be at once understood. 
Nevertheless, engineers have always had snf&cient reason to regret that 
the driver is prohibited from applying this simple and powerful plan of 
stopping trains, particularly as the retiurding of trains by means of friction- 
brakes is to be considered, theoretically, quite as imperfect a practice, 
for the fall vis viva of the trains corresponding to the diminution of velocity 
is entirely destroyed. 

It is not surprising that under such circumstances Leehatdier^s propo- 
sition soon met with great approval and was frequently applied. According 
to this proposition, when the reversal is effected, the Uast-pipe is to be 
dosed, and the exhaust-port connected by a branch pipe with the steam and 
water space of the boiler ; small, controllable quantities of steam and tvaiery 
instead of air and the prodacto of combustion, are thus allowed to enter 
into the cylinders while the pistons are engaged in suction. Water is 
admitted, in order to prevent a superheating of the steam during the com- 
pression, i. e. in order to prevent the pistons and valves from running dry. 

But experience and closer examination of the diagram show that 
LechateUer's method, especially at a high speed of the engine, is not 
powerful enough in many cases. At a high velocity the piston will, in 
consequence of the gradual opening of the port for the admission of the 
counter-steam, travel a considerable distance before the faU counter-pressure 
acts against the piston. New devices are therefore proposed, namely, the 
so-called steam repression-brakes; in these there is no reversing; for 
example. Yon Landsee* proposes to fix on the cylinder a second valve, whose 
eccentric is futened to the axle with an angle of advance 8 = 0. In order 

* ' Memoire «ur lea diffdrentes m^thodes employ^ pour mod^r les yitesses des 
trains sur pentes et en particulier sur le frein k vapeur, syst^e A. de Landsee.' 
Mülhouso, 1867. 



172 APPENDIX TO FIRST PART. 

to stop the engine, the ezhanst-pipe is oloeed, the chief Talye-gear is pat at 
a high grade of expansion, and connternsteam admitted through the second 
valve daring the wh6le stroke of the piston. Bat the steam repression-hrake 
of Messrs. Eraass and Go., of Monioh, appears to accomplish the desired 
object best* The blast-pipe is in this case dosed towards the ontside, but 
its inside is bronght into commnnication with the steamnspaoe of the 
boiler; no reversing takes place, but the throttle-valve is closed. The 
efiect thos prodnced may easily be determined by means of oar valve diagram ; 
bnt this is not the place to follow oat this qaestion, and we refer 
for farther information to the interesting pamphlet by Professor Linde: 

* Ueber einige Methoden zum Bremsen der Loeomotiven und Eisenhdhnzügej 
insbesondere über die Dampfrepreaeiona-Bremse. Pat, System der LocomoHfh 
fdbrih Krauss und Oomp* Müneheny 1868. A thorough and interesting 
discussion of LeehateUer's proposition is given by Prof. Oustav Schmidt, in 

* Mittheilangen des Architekten und Ingeniearvereins in Böhmen, 1869,' in 
an article entitled ** Anwendung des Gegendampfes bei Loeomotiven " (see 
also * Zeitschrift des Vereins deutscher Ingenieure,' 1870, Bd. 14, 8. 778). 

* Described in 'Engineering,' toI. vi., p. 475.— Tbanslatob. 
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The valve-motions which we examined in the First Part of this book 
were constructed in such a manner that the distribution of the steam 
was effected by means of a single valve; if the movement of this 
valve is derived from a link, then it is possible, as has been fully 
explained in the First Fart, to reverse the engine and to make it run 
forwards and backwards with variable expansion. But experience, 
and an inspection of the diagram given for the link-motions, show in 
this case a peculiarity in the distribution of the steam; for the 
higher the expansion, L e. the earlier the steam is cut o^ by the 
single valve, the greater the compression of the steam becomes behind 
the piston ; also, the valve then shuts the ports earlier for the release 
of the steam. The steam, which has to escape into the open air, is 
confined behind the piston, and the piston in travelling forwards 
compresses it till the valve opens the port for the admission, an event 
which generally takes place before the piston has reached the end of 
its stroke. But the compression of the steam requires power, which 
the engine under certain circumstances loses. This is the reason 
why many engineers declare the link-motions with one valve to be 
bad arrangements for producing expansion, and consider them only 
useful as arrangements for reversing the engines. 

Much, however, may be said against the correctness of this 
opinion. 

First, it is well known that other constructions, for instance the 
double-valve motions, which compress the steam slightly, if at all, 
could not replace at the present time the link-motions with one 
valve. On the contrary, the complicated valve-motions with two 
valves have been abandoned on the locomotives of several lines, and 
the simpler valve-motions with one valve have again been applied. 
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Next, it is to be observed that the locomotive drivers, who 
certainly have a special interest in making the best use of their 
valve-motions, mostly use those grades of the link at which the 
influence of the compression ought to be very disadvantageous. 

We might conclude at once from these statements, that an 
essential loss of power is not, at least under all circumstances, pro- 
duced by the compression of the steam in consequence of a very 
early cutting off. But a closer examination of our diagram will at 
once lead us to the result, that the link-motions wdth one valve may, 
under certain circumstances, produce an advantageous distribution 
of the steam, even for a high degree of expansion. 

The upper part of Fig. 8, PI. II., represents the principal 
positions of the piston in a valve-gear of the Stephenson type ; let us 
examine the positions corresponding to the second grade of expansion. 
The expansion begins at a, the compression at h ; the steam has at 
the beginning of the latter a pressure behind the piston a little 
higher than an atmosphere ; the compression lasts until the piston 
has arrived at the position (2, and then the exhaust of the steam at 
once begins. Now, if we imagine that the steam at d, in consequence 
of the compression, has attained a pressure behind the piston just . 
equal to that of the entering steam, then in a certain sense we have 
produced by compression, fresh steam, which will give out its work 
at the next stroke of the piston. We may therefore assume that a 
large part of the work expended on the compression is again given 
out. That the steam at d may have a pressure just or nearly equal 
to that of the steam in the boiler, it is merely necessary to give to 
the so-called hurtful space the required volume. This space is with- 
out doubt of great importance and exerts a useful influence in link- 
motions, and the different opinions respecting the effect of the link- 
motions with one valve, as derived from experience, are perhaps due 
to the circumstance, that this space is not of the proper size in the 
different locomotives. 

But analysis offers a better explanation of the question here 
raised. BevJeaux first gave in his treatise ^ Ueber die Wirktmg der 
Dampfvertheilimg lei den Coviissensteuertmffen* (On the Effect of 
the Distribution of the Steam in Link-motions) (published in the 
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* Civilingenieur,' vol. iii. page 43) an exact account of the influence of 
the so-called hurtful space upon the compression ; and later, Zeuner in 
his book, * Chrundzuge der mechcmischen Wärmetheorie ' (Principles of 
the Mechanical Theory of Heat), has fully explained the influence 
of the compression of the steam and of the hurtful space upon the 
whole working of the steam-engine, so far as it is possible to do so in 
the present state of this theory. 

But this question is not yet decided, for correct and exact indi- 
cator trials are wanted; trials which should be undertaken with 
special consideration of the requirements demanded by the theo- 
retical investigations. 

This is not the place to enter more fully upon the question indi- 
cated ; we simply wish to call attention to the fact that the valve- 
motions with two valves are principally indebted for their origin and 
application to the opinion that the compression of the steam behind 
the piston, as it occurs in the case of the link-motions with one 
valve at a high degree of expansion, is disadvantageous, but that 
this opinion is by no means to be accepted as entirely justifiable. 

One of the two valves, the expansion-valve, only eflfects the 
cutting off of the steam, and such an arrangement of the difierent 
parts of the valve-motion is therefore generally chosen, that this 
cutting off may take place either eooner or later ; or, in other words, 
the expansion is generally a variable one. The seeond valve, the 
main valve, regulates only the beginning of the admission, the ex- 
haust, and the lead ; it generally has an invariable stroke and small 
inside and outside laps. This main valve is, in the reversing 
motions, moved by the link, which then simply serves to efiect the 
reversing, and is only used in its extreme positions. 

The disadvantage attending compression, supposing that we can, 
after what we have said, speak about such a disadvantage, certainly 
disappears when a special expansion-valve is applied ; but now there 
arises at once the other question, whether the advantage which is 
expected in consequence of the removal of the compression of the 
steam, is not partly or perhaps entirely balanced by the considerable 
loss of power which is connected with the movement of a second valve. 
Only experience and exact trials can give a solution to this question ; 

N 
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but the experience already derived from locomotives indicates that 
valve-motions with double valves are only applied with advantage at 
a high pressure of the steam^ and thai the Imk^mations with one valve 
anwoer very well for the steam pressv/rea usuMy employed at the present 
time. But as soon as the pressure in the boilers of locomotives is 
increased to 10 and 12 atmospheres — ^as has sometimes been done 
with perfect success — ^the application of a special expansion-valve 
will perhaps become indispensable. At the present state of our 
knowledge, respecting the most advantageous use of the steam 
power, everything indicates that further progress in the use of steam 
is principally to be expected by employing steam of as high a 
pressure as possible, and thus producmg a higher, but more perfect, 
expansion. 

A beginning has already been made in locomotives, and as soon 
as the employment of high-pressure steam shall have become more 
general in these engines, valve-gears with two valves will receive, 
perhaps, more attention, and will also be more frequently employed. 

We shall therefore examine valve-gears with two valves as 
thoroughly as we examined the valve-gears with a single valve in 
the First Part ; but we have in this case, as in the previous one, only 
to answer the question, whether the common forms of valve-gears, 
with separate expansion-valve, are so designed as to fulfil the con- 
ditions which a correct valve-gear must satisfy in order to produce 
variable expansion. It is chiefly necessary that the steam may be 
cut off at any position of the crank. The following investigations 
will show whether this is really the case in the systems employed at 
the present time, and if not, what degree of expansion may be pro- 
duced by each system, and what improvements are possible in the 
different constructions. 

The method of investigation will be different in this case from 
that hitherto employed, in that we shall give the theory and the 
practical application of the diagram simultaneously. The theoretical 
discussions are so simple, that every reader acquainted with the 
elements of mathematics will easily understand them. 

There are two kinds of valve-gears with double valves; in the 
fir^ kind there are two steam-chests, one above the other; the 
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tes i: ordinary main valve moves in the lower one and the expansion- 
^\^' valve slides in the upper one on the perforated plate which separates 
Uli the two steam-chests. The upper steam-chest is in uninterrupted 
■p communication with the boiler, and the expansion-valve only regu- 
tivei lates the admission of steam to the lower chest. 
nc In the second kind of valve-gears there is only one steam-chest, 
i-vif and the expansion-valve slides directly on the back of the main 
of )^ valve which is provided with passages that are alternately opened 
sttt and closed by the upper valve. 

«:^^ In the following discussions the two kinds will be treated 
ii' separately, although the valve diagrams of one kind may be easily 
er:^' reduced to those of the other, and although no essential difference 
exists between them. 

t: 

^:^ 
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SECTION I. 

BBPABATE EXPANSION-VALVE SLIDING ON COVER OF 
MAIN-VALVE CHEST. 



CHAPTER L 
Oonzenbach's Cut-opf Gear. 

OomenhacVsYelve-geeLr is shown in Fig. 18, PL IV. ; both valves, the 
main valve S as well as the expansion-valve So, are shown in their 
middle positions, though these are positions which they can only 
occupy Hmidtaneomly when their eccentric-rods are detached from 
the eccentrics. The two steam-chests E and Eo are separated by 
a partition containing a passage üq through which the fresh steam 
can pass from the upper to the lower steam-chest when the passage 
is not closed by the expansion-valve So that slides back and forth 
over the opening ; the valve itself is sometimes called a ported-valve. 
In Fig. 18a both eccentrics are shown in the positions which they 
occupy when the crank passes through the first dead point. The 
eccentricity O D = r of the main-valve eccentric makes the angle 
DOT = 8 (angle of advance) with the perpendicular OT to the 
direction of the stroke of the eccentric-rod ; the eccentricity O Do = r© 
makes at the same instant the augle DoOY= —So ^ith this 
perpendicular O T ; the following investigation will show that this 
must be so. 

Let us first disregard the action of the expansion-valve, and only 
consider the action of the main valve, then the distribution of steam 
takes place as described in the first part of this treatise. It would 
be unnecessary to discuss this matter again were it not desirable to 
change the designations for the sake of clearness. When, in the 
valve-gear in Fig. 18 and Fig. 18a, PI. IV., the eccentricity r and 
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angle of advance S are known for the main valve S, and when the 
inside lap i and outside lap e (the latter being always smaller 
with than without an expansion-valve) are given, we proceed as 
follows: 

Describe (Fig. 41) the valve circle on O D = r as diameter, then 
describe circles with as a centre and Y = 6 and W =s • 
as radii, and determine the 
four intersections abedot the 
three circles; next connect 
these intersections with O, 
and the straight lines obtained 
give the principal crank posi- 
tions which we will now desig- 
nate by numbers. When the 
engine-crank is at the first 
dead point, the diagram crank 
is at OBo; if we suppose 

the latter to turn in the direction of the arrow and the cylinder to 
be at the right of Fig. 41, the piston will move away from the crank- 
shaft (and this motion agrees with that assumed in the arrangement 
shown in Fig. 18 and Fig. 18a, PL IV.). Then crank position No. 1 
corresponds to the beginning of the expansion in cylinder end 
nearest crank-shaft. No. 2 to the beginning of compression in cylinder 
end fjEa*thest from crank-shaft. No. 3 to the beginning of exhaust in 
cylinder end nearest to shaft, and No. 4 to the beginning of 
admission in cylinder end farthest from shaft. Positions 1 and 4 
are the ones of special importance in the following investigation& 
If we now consider the action of the expansion-valve So (Fig. 18, 
PI. IV.) in a general way, we see that this valve simply regulates 
the admission of steam to the lower valve-chest ; for instance, it may 
be required that the steam be cut off when the crank is in position 5 
(Fig. 41) ; the expansion therefore begins at this position although 
the main valve does not cut off the steam in the lower valve-chest 
from the steam in the cylinder till the crank has reached position 1. 
With this arrangement of valves the expansion is a peculiar one. 
While the crank is passing from position 5 to 1, the steam expands 
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sitnuUcmeaudy in the cylinder and lower yalye-chest K, and only 
while the crank is passing from 1 to 3 does it expand in the cylinder 
ahne, for not until position 1 is reached does the main valve separate 
the two spaces; at position 3 steam begins to exhaust from the 
cylinder. Now there is a certain crank position 6 at which the upper 
valve So (Fig. 18> PI, lY.) reopens the passage in the partition after 
closing it at position 5. It is evident that it is cAscluUdy necessary 
that position 6 (in Gonzenbach's arrangement) shall fall between 
positions 1 and 4 of the crank. For if position 6 were in front of 
No. ly steam would enter the cylinder t%oice during the same stroke, 
as the expansion-valve would reopen the passage in the partition 
before the main valve had shut off (at No. 1) the steam space in the 
cylinder; thus while the crank is passing from the dead point to 
position 5y steam is admitted to the cylinder^ firom position 5 to 6 
expansion takes place, and from position 6 to 1 steam is again 
admitted; this is therefore an exceedingly imperfect method 
of utilising the steam^ but nevertheless one which must have 
frequently occurred in locomotives employing Gonzenbaeh's valve- 
gear. 

Moreover, crank position 6, at which the passage in the partition 
begins to open, must not fall behind position 4 ; for at the latter 
position the main valve opens the steam-port at the cylinder end 
farthest from crank-shaft, in order that the full pressure of fresh 
steam may act upon the piston at the beginning of its stroke. But 
this pre-admission would be useless if the passage controlled by the 
expansion-valve were not already open or at least beginning to 
open when the main valve opens the steam-port in the cylinder, in 
other words No. 4 is the latest possible position for No. 6. The 
angular interval between positions 1 and 4 is usually very small 
because very small outside laps are assumed for the main valve. 
Therefore as a rule the choice of position No. 6 is confined within 
very narrow limits in OonzenbaeKs valve-gear. We shall see that 
this is what so greatly restricts the expansion in this valve-gear. 
After these preliminaries, we may proceed to investigate the action 
of the expansion-valve ; but in order to, at the same time, lay the 
foundations for the discussions of all other valve-gears with double 
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valves, and to shorten future investigations, we shall first consider 
the action of a simple flat valve, and show that the gridiron-valve is 
only a combination of two separate valves consisting of simple flat 
plates. 

In Fig. 42 and Fig. 43, let A A represent the partition between 
the two valve chambers, and let «o represent the width of the passage 
in this partition. In both cases let the expansion-valve So, which is 
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here shown as a simple plate, occupy its middle position at B. In 
the one case (Fig. 42) this valve stands to the left of the passage, so 
that the right-hand valve edge F is at the distance « from the 
farthest edge E of the passage. In the other case (Fig. 43) let the 
plate be at its middle position, and to the right of the passage. 
Let us now suppose that in each case the plate is moved by an 
eccentric O Dq = ro, which is keyed to the shaft with the negative 
angle of advance Sq, as shown in Fig. 18a, PI. IV., the problem before 
us is simply to determine how far the valve has moved from its 
middle position when the crank has turned through the angle o), 
how much the passage in the partition is open at this instant, and 
the crank positions at which the passage is closed and reopened. 
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In an earlier portion of this treatise we found, for a valve whose 
eccentric had the eccentricity r and angle of advance S, the valve 
movement f for the crapk angle o) to be: f = r sin (© + S); in the 
present case the same formula applies, but we must substitute — So 
for S and Tq for r; the deviation U, of the expansion-valve from the 
" centre is therefore 

fo = ro sin (co - S,l (106) 

and the opening a, of the passage in the partition at this instant is 
readily found from Fig. 42 to be 

a, = « - fo. (106) 

The same Fig. 42 shows us that when the valve moves to the 
right the passage is ultimately closed, but when it moves to the left 
of the middle position the passage remains open. In the arrange- 
ment assumed in Fig. 43 just the reverse obtains. 

In order to express formulas (105) and (106) graphically we 
proceed as follows (the references relate to Fig. 42). 

Erect OY perpendicular to the direction of stroke OX (Fig. 
42a) and lay off the angle Y Do = So and the distance Do = r«. 
Now on this distance as a diameter, describe the valve circle^ then its 
radius vectors will give the distance of the valve from its middle 
position ; for example, if the crank has moved from the dead point 
Bo through the angle Bo B, the distance P will at once give 
the valve movement fo. When the crank occupies the position Do, 
the valve will be farthest from its central position, and when the 
crank is perpendicular to O Do, i. e. lies in the direction O B^ the 
valve will occupy its central position. Only one valve circle is shown 
in Fig. 42a, and it shows the distances of the valve to the right of 
the middle position ; the distances to the left are here of no interest, 
because we already know that, during this part of the motion, the 
passage is wide open. 

In order to complete the diagram and construct equation (106), 
let us describe a circle from O (Fig. 42a) as a centre, and with 
OUo=OU = «asa radius, then we at once get the distance U P =; 
O XI — P; i. e. the opening of the passage for this crank position : 

.a,= ÜP=i=j-fo, 
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and this gives us ä new diagram which will be employed in all the 
following valve-gears with double valves. • 

Through the intersections of the latter circle with the valve circle 
draw the crank positions 5 and 6 ; at these positions the opening of 
the passage in the partition is zero, the cutting off taking place at 
position 5 and the reopening of the passage at 6. During a rota- 
tion of the crank the passage is completely closed while the crank is 
traversing the distance 5-6, and open while the crank is traversing 
the distance 6-5» 

If we lay off the width Oq of the passage from Üq to O, i. e. make 
Uo Zo = Oo, and describe with O Zq as radius a third circle, its inter- 
sections with the valve circle will give us the following. At crank 
position 7 the opening in the passage begins to diminish, and at 8 
is again completely open, remaining so until the crank, turning in the 
direction of the arrow, again reaches position 7. In like manner 
Fig. 43a is the diagram for the valve arrangement shown in Fig. 43 ; 
only the lower circle is here employed because the valve covers the 
passage only while it is at the Ufi of the middle position. 

But neither of the arrangements shown in Fig. 42 and Fig. 43 
can be used alone as an expansion-gear. If we suppose both plates 
to be moved simultaneously hy the savne eoeentrie, the arrangement 
shown in Fig. 42 will act correctly only during the first half of the 
rotation of the crank ; during the second half of the rotation it will 
have no effect, for steam will be continually streaming through the 
passage; with the other arrangement just the reverse obtains, this 
working correctly only while the crank is traversing the second half 
of its rotation. It is evident that it is only necessary to correctly 
conn^t the two cases, and this may be done in various ways ; the 
simplest and, as will appear later, the most imperfect method 
was that employed by Oanzenbach. Before we enter upon this matter, 
however, the above propositions must receive an important extension, 
of which frequent use will be made hereafter. 

It was assumed in Fig. 42 that the expansion-valve So, consisting 
of a simple plate, was entirely on the left of the passage ; moreover, 
it was tacitly assumed that during the motion of the valve towards 
the right, its left edge did not pass beyond the left edge of the 
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passage ; in order that this latter assumption may be realised, the 
plate must have suffieieat length. Let us designate this length by I, 
then the figure shows that the valye must be moved through the 
distance I + 8 -- Oq before the left edge of the valve can stand over 
the left edge of the passage. But the greatest valve movement is Tq ; 
therefore the assumed case cannot occur, when 

Z + « — «0 > »"o 

or 

i > ro - (« - oo), (107) 

and this condition is always easily fulfilled. The value of the right 
member of this inequality can be taken directly from the diagram 
Fig. 42a, in which D^, = n and O E = s - a^. 

We will now discuss the case in which the plate, while in its 
middle position, completely covers the passage, as in Fig. 44. In 
order that the left edge of the valve may not pass beyond the left 

edge of the passage when the 
valve occupies its extreme posi- 
JL.l L.:.f..::i tion on the right, the condition 



Pig. 44. 




or 



Z - « - Oo > To 

l> ro + 8 + ao 



(108) 

must be fulfilled ; and that it is 
fulfilled will be assumed in what 
follows. (In the diagram Fig. 
44a, we have Do = ro and 
8 + ao = E, consequently I 
must be greater than Do E.) 
Now the peculiarity of this 
arrangement consists in the nega- 
tive value of s; let us again de- 
scribe from 0, Fig. 44a, a circle 
Uo = P U = s and again find 
its intersections U and Ui with the valve circle; but in the pre- 
sent case the intersection U on the negative side of the radius vector 
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corresponds to the instant of cut-off; if we prolong UO beyond 
0, position 5 will correspond to the beginning of expansion and 
position 65 or the prolongation of the line connecting the intersection 
Ui with 0, will correspond to the reopening of the passage. 

Furthermore if we lay off UoZo = Oo « width of passage and 
describe the third circle from O äs a centre and Zo = 8 + ao 
as radius, we obtain the two other intersections Z and Zi, and 
connecting these with O and prolonging the lines beyond 0, we get 
crank position 8 at which the passage is fully open and position .7 
at which the valve begins to close the passage. If, as may occur in 
practice, O Zq > O D^, i. e. « + a© > r^, the two intersections Z and Zi 
will no longer occur ; in this case the passage is never fully open 
even when the valve is at the extreme left of its stroke. 

There is another special case to which we may call attention, 
that in which the valve edge F coincides with the edge E of the 
passage when the valve is in its middle position. Here 8 = and 
the two positions 5 and 6 coincide in a straight line which is per- 
pendicular to O Dq. 

Xx A comparison of Fig. 42a and Fig. 44a clearly shows the difference 
in the action of an expansion-valve consisting of a simple plate, 
according as the distance designated by 8 is taken positive or 
negative. The case represented in Fig. 44a does not occur in 
Oonzenbach's arrangement ; the object in treating it here was to deduce 
a diagram for all cases of the expansion-valve, and thus obtain 
a basis for the discussion of all other gears with expansion-valves. 

As regards Oonzenhach*8 valve-gear, the two cases represented by 
Pig. 42 and Fig. 43 are combined as represented in Fig. 45. Both 
plates are shown in their middle position, are arranged symmetrically 
on both sides of the 8ame passage, and are rigidly connected with each 
other, being driven by the same eccentric ToSq, Between the two 
plates there is a rectangular passage F F' = a', and they therefore 
constitute a special kind of valve, the so-called ported-valve. But 
from what has preceded and what follows it seems best to regard 
Oonzenhaeh's valve as a two-part one. If we designate the distance 
F F' between the two inner valve edges by a' and the width of the 
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passage in the partition by Oq, then the distance F E = F fy, formerly 
designated by 8y may be obtained from the formula 

a' — Oo Oo + a' 



« = «0 + 



2 



(109) 



Fia. 45. 



Now if the two values a^ and a' are given and the eccentricity r, 
and the negative angle of advance 8q are known^ we get the diagram 

represented in Fig. 45a when 
we superimpose Fig. 42a 
and Fig. 43a. We need no 
further explanation to per- 
ceive that Fig. 45a will 
give us the following re- 
sults. 

Describe the two valve 
circles Do and Do', also 
two other circles from O as 
a centre, and with 

00 + a' 




Fig. 45a. 




Oüo = « = 



2 



and 



O Zo = « - ao = 



a' — Oo 



as radii; the diagram is 
then complete. If the 
crank stands in position 
O Bq at the first dead point and from there moves in the direc- 
tion of the arrow, the distance UoPo will give the opening of the 
passage at the beginning of the stroke ; at the crank position 8' the 
passage is fully open, at position 7 the opening begins to close 
and at position 5 it is closed, expansion of the steam beginning here. 
The passage remains closed from position 5 to 6, at 6 it opens, and 
when the crank reaches the second dead point the opening is again 
equal to Uq Po* The same occurrences are repeated in the second 
semicircle. For fixed expansion, i. e. for the case in which all the 
separate parts here considered are invariable, the preceding discussion 
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lias settled all questions connected with OomenbaoVs yalve-gear ; if, 
however, the problem were to examine an existing yalve-gear, the 
question might still remain whether crank position 6 fell between 
positions 1 and 4, a question which was examined in connection with 
Fig. 41. It is worthy of notice that, in Oonaenbaeh's valve-gear, the 
expansion-valve eccentric may be set 180° from its assumed position 
without altering at all the distribution of the steam, for we see that 
the diagram is not altered thereby. The eccentric Do in Fig. 18a, 
PL IV., can therefore be also brought into the dotted position O Do'. 

The question now remains how a variable expansion can be 
obtained by OonzenbaeVs valve-gear; the problem here is to vary 
crank position 5 or the valve circle Do or the circle described 
with Uo as a radius, and this variation must be effected while 
the engine is running if the arrangement is to be a practically 
useful one. 

The variations above mentioned involve only three quantities, ro, Sq, 
and 8 ; if any one or several of these be varied, the ratio of expansion 
will vary. As the distance O Uo = a (Fig. 45a) depends on the 
width ao of the passage and on the distance a' between the inner 
edges of the opening in the valve, we can vary one or both of these 
quantities ; we see from this that a whole series of different arrange- 
ments may be devised and that our simple diagram indicates how 
new valve-gears may be invented. But all such efforts would be 
useless in connection with Oonzenbach'a valve-gear, for this gear is, 
under all circumstances, unsuited for variable expansion, the varia- 
tion being confined between too narrow limits. This is easily seen. 
Every shifting of crank position 5, whether effected by varying 
ro, So, ao or a', corresponds to an equal shifting of crank position 6. 
Now in discussing Fig. 41 it was shown to be absolutely necessary 
that position 6 should fall between positions 1 and 4 prescribed by 
the main valve, and as the angle formed by these two positions is 
always small, the shifting of position 5 for the purpose of producing 
variable expansion must always be confined within very narrow 
limits. 

Consequently Oonzenbaeh's valve-gear cannot be recommended 
when it is desirable to produce variable expansion, and we find that it 
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has been rarely employed Of the different methods of varying the 
expansion mentioned above, only one was employed by Chmxenbaehy 
and that consisted in varying the eco^itricity r^ as follows 




The shaffc carries the eccentric O D = r for the main valve and 
the eccentric O Do for the expansion-valve ; the eccentric-rod Do C© 
of the latter is jointed at Co to a link C Co which swings about the 
fixed pin C ; the radius-rod L M, which drives the stem L of the 
expansion-valve, can be clamped to any part of the link. 

If the crank is moved from the dead point through the angle c», 
the end Co of the link will have moved from its middle position the 
distance r^ sin (o) * So)» ^^^ the point M of the link, which Ues at 
the distance u from the fulcrum C, will have moved the distance 

f, = %oBin((ü -8a) (110) 

from its middle position, e representing the length Co of the link. 
The above expression at once gives the movement of the expansion- 
valve. The diagram Fig. 45a is also applicable, but in this case the 

u 
diameter of the valve circle must be equal to - r©, i. e. it must vary 

with the position of the radius-rod L M relatively to the link Kg. 46 ; 
every position of M has a special valve circle and every circle has a 
particular position for the crank directions 5 and 6. An example 
will illustrate more clearly what has been said. 

In a valve-gear arranged as in Pig. 18a, PI. IV., we have for the 
main valve the eccentricity r = 0*0675" (2-66"), the angle of 
advance 8 = 18^ and the outside lap e = 0-016» (0-63"). 

On the other hand, for the expansion-valve the eccentricity 
ro e= 0-0675" (2-66*), the negative angle of advance So = 18°, the 
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width of opening in expansion-valve d = 0-0325" (1*28"), and the 
width of the passage in the partition a^ = 0-025"^ (0-98"). 

We are to ascertain whether these assumptions are allowable and 
what ratio of expansion these data will give. 

Lay off from the vertical O Y, Fig. 19, PI. IV., the angle of 
advance Y D = S, make D = r and on it as a diameter describe 
the valve circle ; moreover, with the outside lap V = e describe the 
lap circle ; intersections V and Vi then give the crank positions 1 
and 4. At the former position the main valve closes the port for 
admission, at the latter the valve reopens the port, the crank turning 
in the direction of the arrow. 

Also lay off from the vertical O Y the negative angle of advance 
Y Do = 8o> make Do = r© and on it describe the valve circle for 
the expansion-valve. Now determine from equation (109) the distance 
F E = F' E' = s (Fig. 45), then we have 

9 = ^!^^' = • 0287Ö» (1 • 13"). 

With this distance as a radius and O as a centre, describe a circle, 
the intersections Ui and U give the two crank positions 5 and 6 ; at 
the former eotfcurmon 'beginn ; at the latter the passage reopens and 
we see that the arrangement is practicable, for position 6 falls 
between 1 and 4, as required by the conditions considered in connec- 
tion with Fig. 41. If in addition we describe a circle from O as a 
centre and OE© = 0*050"' (1-97") as a radius, this will represent 
the crank-pin circle, and the parallel Lo L to Bo B will represent the. 
piston stroke whose length is 0*100 (3-94"). 

If we drop from the crank-pin corresponding to position 5 a 
perpendicular B, L, on to the direction of the stroke, Li will repre- 
sent the piston position at the beginning of expansion and the length 
Lo Li expressed in decimetres gives the ratio of expansion; the 
measurement of the figure gives for this value 0*135. 

Let us extend the consideration of this problem by assuming 
that the ratio of expansion 0*200 is to be produced without altering 
the eccentricity Tq and the angle Sq; for this purpose make 
Lo L* = 0*020"* (0*79"), drop a perpendicular from La and prolong 
it till it intersects thte crank-pin circle at B2 and draw the crank position 
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B, ; then the distance U^ves the value of b corresponding to the 

given ratio of expansion. By measurement we obtain from Fig. 19, 

PL IV., the value O Ua = « = 0-0385"^ (1-52"). If the width a« of 

the passage is to remain constant, we can alter the width a' of the 

opening in the expansion-valve so that equation (109) will be satisfied ; 

then for the given ratio of expansion we find the width a' = * 052'° 

<2-05"). 

To give another example, let us assume that the valve-gear is to be 

arranged for variable expansion and that the expansion- valve is to be 

moved by a link as in Fig. 46 ; the construction given in Fig. 19, 

PI. IV., is applicable, and the ratio of expansion 0-135 found above 

corresponds to the case in which the radius-rod L M is lowered as 

much as possible, the block M falls to Co and i^ = c in equation (110). 

u 
Now if the radius-rod is lifted, the diameter Do' = - r© of the 

6 

expansion-valve circle becomes smaller and the points of intersection 
Ui and U approach nearer to U" and U', the centres of the valve 
circles, corresponding to the different values of «, all lying on the 
line Do. There is a minimum value of u below which we must 
not go if we do not wish to have the steam enter the cylinder twice 
during a stroke of the piston ; the dotted circle in the figure with 
diameter Do' corresponds to this value of u^ for here the crank 
position 6 just coincides with position 1 ; as this determines the 
intersection U' and as the circle in question passes through O and its 
centre C lies on the line Do, it is easy to find its diameter O Do' ; 
if the diameter were taken smaller the intersection U' and conse- 
quently the crank position 6' would fall in front of position 1, and 
that is not allowable. Measurement of the distance Do' in Fig. 19^ 
PI. IV., gives 0-0365"* (1'44"), consequently 

-ro = 0-0360» (1-44"); 
c 

from this follows, smce n = • 0675" (2 • 66"), 

- = 0-541, 
c 

this will be the limit of the ratio C M : C Co (Fig. 46), and the slide- 
block M must not be moved nearer to C, Moreover, for this limiting 
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vatve the intersection U" (Fig. 19, PL IV.) gives the crank position 
O B3 and the piston position L3 at the b^inning of the expansion ; 
the distance Lq L3 gives the ratio of expansion 0*330. A greater 
cnt^ff is not possible unless the radius-rod is liffced so far that the 
block M comes close to the Ailcrum C of the link ; the expansion- 
valve is then entirely out of action and the main valve works 
alone. 

In the present valve-gear the cut-off or ratio of expansion can 
only vary between the values * 135 and '330, and these limits lie 
very close together. It is readily shown that varying the assumed 
dimensions will but slightly alter the result, and that in practice 
instead of Oonzenbach's valve-gear it is better to employ others which 
allow of greater variation of the expansion. 



CHAPTER IL 
Georges' Cut-off Gear. 



Qeorgei valve-gear is represented in section in Fig. 20, PL IV. ;*: 
the middle portion S of the main valye has exactly the same form as 
the main valves hitherto examined. The valve is here extended on 
both sides, the additions Si Si forming two steam-ways a a. 

On this valve rests the plate e containing two rectangular .open- 
ings, and on this plate is a second one d d, which is rigidly attached 
toe e and at the same time separates the valve-chest into an upper 
and lower chamber. 

The upper plate d d also contains two rectangular passages a^Ooy 
which may be enlarged and contracted at pleasure by moving the 
two parts nn oi the plate either toward or away from the centre; 
an arbor I passes through the upper cover of the valve-chest, and the 
inner end of the arbor carries a small toothed wheel p, which gears 

into two racks, one of which is fastened to one pl^te and the other 

r 
♦ Armengaud, * Publication industrielle,* Tome ix. ; * Qlyilingenieur/ Bd. ii., 1856, 
S. 200. 
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to the other plate (see plan given in Fig. 20a). By turning the 
arbor I, the plates recede from or approach each other, thus contract- 
ing or enlarging the passages Uq Aq at will, and effecting the variable 
expansion. In order that the position of the plates and, conse- 
quently, the degree of expansion may be indicated on the outside, 
the arbor I has a disk q, which is graduated at the circumference ; 
the index o fetstened to the valve-chest then indicates the degree of 
expansion. 

The expansion- valve as well as the main valve is here represented 
in the middle position ; the former consists of a frame whose cross- 
plates So So in a certain sense constitute two separate but rigidly 
connected expansion- valves which are driven by the same eccentric. 

Theoretically, Georges' valve-gear fulfils all the conditions of a 
perfect expansion-gear, for, when properly arranged, all degrees of 
expansion from zero to full stroke can be produced ; it is only in 
constructive features that it is excelled by other valve-gears, here- 
after to be described. This valve-gear avoids all the defects of 
Oonzenbaeh's gear because the main valve possesses two separate 
steam-ways a a, each of which receives steam from above ; each of 
the two expansion-valves S© S© controls the supply for one of the 
steam-ways. The left-hand expansion-valve So only regulates the 
cut-off for the left steam passages Oi of the cylinder, and the right- 
hand valve So regulates the cut-off for the cylinder passage Oj on the 
right. 

QonzenbacVs gear is quite different ; there the steam admitted to 
the lower steam-chest by the expansion-valve, spreads itself to holh 
sides of the main valve, and consequently the expansion-yalve 
must shut and reopen the passage in the partition at the right 
moment for loth cylinder passages Oi and 02. From the discussion 
connected with Fig. 45 and Fig. 45a we obtained the rule that after 
the passage in the partition has been closed by the expansion-valve 
at crank position 5, it must be reopened between positions 1 and 4 ; 
crank position 6 must lie behind position 1 and in front opposition 4, 
in order that live steam may be admitted just before the beginning 
of a new stroke. This causes the ratio of expansion to be confined 
within such narrow limits in Oonzenbach's valve-gear. 
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The circTimstances are mnch more favourable in Qwrgei valve- 
gear. Let us consider the left half of Fig. 20 (PL IV.), we may 
then easily deduce the following. 

If the steam-piston moves toward the crank-shaft (from left to 
right in the figure), the main valve will be shifted to the right and 
the passage Ox in the cylinder will be opened ; in the first portion of 
the stroke, the expansion-valve So also opens the passage ao ; at a 
certain piston and crank position (5) the expansion-valve closes the 
passage and expansion begins ; later on (at 1) the main valve S 
closes the steam passage o^ 

But as regards the reopening of the passage ao by the expansf^on^ 
valve, we see that it need not take place till the piston is on the 
return stroke and is near the 2^ end of the stroke, i. e. till the crank 
has described nearly the whole of the second semicircle. 

Consequently we obtain (Fig. 45a) incomparably greater room 
for crank position 6 than in Oonzenbadh'a arrangement. In the latter 
we have the condition that position 6 must fall between positions 1 
and 4, but in George^ gear we have only the condition that position 6 
shall fall behind position 1 ; position 4 for the forward stroke need 
not betaken into account, but instead, we take into account position 4' 
(prolongation of 4 beyond 0) in the return stroke. In GonzefnbaoVe 
valve-gear the expansion- valve keeps the passage Oq (Fig. 45a) closed 
while the crank is passing from 5 to 6, but in Qeorg&l gear the 
passage is closed while the crank (turning in the direction of the 
arrow) traverses the long distance from position 1 to position 6' in 
the second semicircle. 

A closer examination of all double valve-gears, in which the 
motion of both valves is caused by eccentrics, shows that all gears 
can be divided into two groups whose difference consists in what has 
just been mentioned. Only Georges* gear and those which can be 
reduced to it, can be regarded as gears in which every degree of 
expansion can be obtained. It also readily follows from what has 
been said that in such geara the negative angle of advance So 
(Fig. 45a) has much greater freedom of location ; it can be chosen 
much greater because the intersection of crank position 6 can lie 
anywhere in the second semicircle. Georges' assumed the anglo 

o2 
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Bq = 90^, and this valne is particularly appropriate for the case in 
which the engine is to work with the same perfection^ as regards 
variation of expansion, whether it is mnning forward or backward. 
As regards a special investigation of the action of Georges' gear by 
the aid of the diagram, we can say that in reality this matter was 
settled when the arrangements represented in Figs. 42, 48» and 44 
were discussed. It will therefore suffice to show in a special case how 
we may determine the degree of expansion from the position of the 
plates n n (Fig. 20, PI. IV.) and vice verm. 

Let O X (Fig. 20i, PL IV.) represent the direction of the valve- 
strojie and Y the vertical through the centre of the shaft, and let 
O D represent the eccentricity of the main-valve eccentric and 
D Y ss S the angle of advance ; on the other hand, let the eccen- 
tricity O Do =5 r© of the expansion-valve eccentric for the negative 
angle of advance Sq coincide in direction with X, for, like Georges, 
we will assume the negative angle of advance S© ^ 90°. 

Now let the eccentricity of the main valve be r = 0*040™ 
(1'57"), the angle of advance S = 15°, and the outside lap e = 
0-0085°^ (0-33"); the intersection V of the lap circle with the valve 
circle D (Fig. 21, PI. IV.) gives the crank position 1 at which the 
main valve cuts oflf steam. Moreover, let D© = ^ = ' 040"" (1 • 57") 
be the eccentricity of the expansion eccentric, and on this as a 
diameter describe the valve circle. 

For any position of the plates n (Pig. 20, PL IV.), the distance 
between the edges F and E will always be measured wheiv the 
expansion-valve is in the middle position (see also Fig. 42) ; we will 
again designate this distance F E by s and wDl describe in Fig. 21 a 
circle from as a centre and with O U = s as a radius; the two 
intersections U and Uo with the valve circle, when connected with 
by a straight line, give the desired crank positions. At position 6 
the expansion- valve cuts off the steam and the expansion begins, at 
position 6 the passage reopens ; usually it is only the first crank 
position that is of interest. 

It is now easy to understand the following remarks. 

If we draw the plates n (Fig. 20) together till the distance F E 
= 8 is identical with XTi in Fig. 21, the expansion and main valves 
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will cut off simuUaneoualy ; if the plates were drawn still closer, the 
upper yalve would cut off later than the lower one, and finally if the 
distance s were taken greater than O Dq (^ig* ^l)? the expansion- 
valye would not cut off at all, for it would be outi of action because 
it would allow steam to flow through continually. Of course the 
greatest distance F E = 8 will, in practice, be always taken smaller 
than O Ui (Fig. 21). 

Now if the plates n be gradually separated, the distance F E = s 
will become smaller, the intersection U (Fig. 21) will travel along the 
valve circle O Dq and continually approach 0, the steam being cut 
off earlier and the ratio of expansion becoming less. 

If the plates are separated till E comes under F (Fig. 20), we 
shall have O Ü = s = O and the ratio of expansion 1:2. If the 
plates are separated still further, we shall have F E = 8 negative 
and shall have the case discussed in Fig. 44. Our diagram remains 
unchanged. For example, if the edge E (Fig. 20) were at the left 
of F by the distance O U = Uo = a (Fig. 21), then the crank 
directions O U and Uo would exchange their significations ; if we 
prolong these directions beyond O, expansion begins at position 5' 
and the passage reopens at 6'. If the plates n could be separated 
so far that the negative value F E = a became identical with O Do = 
ro (Fig. 21), the expansion-valve would cutoff steam at the beginning 
of the stroke, but there is no practical necessity for so doing. 

Now let us settle the opposite question and assume that in the 
present valve-gear the ratio of expansion is 1 : 10, and for this 
determine the required position of the plates. We then proceed as 
follows : 

From O (Fig. 21) as a centre and OB = 0-05*" (1-97") as a 
radius, describe the crank-pin circle and draw the line LLq 
parallel and equal to the distance B Bo ; make the distance L Li = 
O'Ol" (0'39"), through Li draw a vertical to Bi on the crank-pin 
circle and prolong the crank position Bi beyond to its inter- 
section XT' with the valve circle Do. The distance U' = 0-032"' 
(1-26") represents the distance that the edge E (Fig. 20) of the 
plate n must be to the left of the edge F of the expansion- valve, in 
order that the required ratio of expansion 1 : 10 may obtain. 
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This settles all questions connected with a given valve of the 
Georges type ; we might now add rules for designing a new valve 
of this kind, but we will not enter into this question because, with 
the aid already given, the thoughtful designer can have no difficulty 
We simply mention that in practice the upper and lower limits of 
expansion are always given. Then if the eccentricity O Do = ro 
(Fig. 21, PL rV.) has been chosen, we know the greatest positive and 
the greatest negative value of the quantity U = « ; the sum of the 
two gives the Mai shifting to be communicated to the plates n 
(Fig. 20), and from this we can easily determine the length to be 
given to the plate n and also the width Oq of the passage. With 
equal ease we can determine the required length of the plates So So of 
the expansion-valve itself, a matter which has already been discussed 
in connection with Fig. 44, 

It is worthy of mention that with Fig. 20 and the diagram in 
Fig. 21, PL IV., other valve-gear arrangements can be readily devised. 
Instead of contracting and enlarging the passages Oq Aq by adjusting 
the plates n n, i. e. hy varying the value of s, we could, for example, 
fasten the plates n n and make the valve-plates So So movable ; the 
diminution of s would then occur when the valve-plates were d/ravm 
together ; or we could bring the plates Sb So together at the middle so 
that the outer edges would regulate the admission, the increase of 
expansion being effected by separating the plates ; in this case the 
eccentricity O Do = n (Fig. 206) would have to be set 180° in 
advance of the position before assumed. It is also easy to see that 
the expansion can be varied by varying the amount and position of 
the eccentricity O Do = r©. Valve-gears of the kind just mentioned 
have not thus far been executed. 
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SECTION IL 

BXPANSION-VALVE ON THE BACK OP THE MAIN VALVE. 



CHAPTEE I. 
Bbäval's Cut-off Geab. 

In BrivaCs gear the two valves are in the same valve-chest K 
(Fig. 22, PL v.). The main valve S has here but little outside lap, 
and is, to a certain extent, surrounded by a case in which the steam- 
way a a conducts the steam to the ends of the valve whenever the 
opening a! of the expansion-valve S^ stands over the opening Oq in 
the lower valve. If we imagine that the lower valve is fixed and 
that only the upper one moves, the admission and cutting oflf of the 
steam will take place as in OmzenbacKa valve-gear (Fig/ 18, PL IV.) ; 
but as the lower valve does move, it is evidently the relative motion 
of the upper valve to the lower one that is required. We must first 
determine this motion, for it is needed for the discussion of all the 
valve-gears examined in this Section. 

The two eccentrics which communicate motion to the two valves 
are fastened to the shaft as shown in Fig. 22a, PL V. ; r is the eccen- 
tricity of the main eccentric, T D = S its angle of advance, r^ the 
eccentricity of the expansion eccentric, and Y D^, = 8o its angle of 
advance. In determining the relative motion of the expansion-valve 
with reference to the main valve, we may at first entirely disregard 
the form of the valves. Let us suppose that on the upper surface 
A A (Fig. 47a) there slides back and forth a plate B driven by an 
eccentric D = r having the angle of advance h (Fig. 48) ; suppose 
that on this plate B there slides a second plate Bq driven by the 
eccentric Dp ^ Tq having the angle of advance Y O D© = So ; 
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the yalve circles described on the eccentricities OD and ODq 
will then separately give the absolute motion of their respective 
plates. In Fig. 47a hoth plates are shown in their middle position, 
which is only possible when they are detached from their eccentrics. 



Fig. 47a. 




Now if we suppose them connected with their eccentrics and the 
latter to be turned with the "crank through the angle cd, then for this 
crank angle we have (Pig. 476) 

B = ^ = r sin (8 + 0)) 

for the movement of the lower plate from its middle position^ and at 
the same instant the movement of the upper plate is 

Bo = (o = ^0 sin (So + <ü). 

The relative distance or movement of the upper valve with refer- 
ence to the lower valve is B Bq, as a glance at Pig. 47i shows ; if we 
designate this relative movement by fa-, we have 

f . = ^0 - f 

or, according to the preceding equations, 

I, = Vq sin (8o + w) - r sin (8 + w), 

or after simple reduction, 

I, = (r© sin ^ — r sin 8) cos w — (r cos 8 — r^ cos 8©) sin w. (Ill) 
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This equation gives for any crank angle o the relative nmtion of 
the upper plate with referenoe to the lotoer, or of the expansion-valve 
with reference to the main valve ; we do not therefore alter the 
relative motion if we regard the lower plate oa stationary and the 
vpper one moved accordi/ng to the law given hy the above equation. But 
this law is very simple^ for the equation is again the polar equation 
of a circle, the coefiScients of cos a> and sin a> being constants. 

If we lay oflf on X the value 

O E' = E, = To sin «0 - *• sin a 5= A 

(Fig. 48), and on Y the value 

F' = O F, = r cos 8 - To cos 8a = B, 

and describe circles through the two sets of points O Y E' andO F,. E,, 
we shall get valve circles whose radius vectors give the movement 
of the upper valve relatively to the lower valve for any crank 
position. 

The relative motion is therefore exactly as if the lower valve 
were stationary and the upper were moved by an eccentric whose 
eccentricity Da,' = r„ is fastened to the shaft with the angle of 
advance D,' OF = TOX =8«. 

We shall call these two valve circles, which respectively repre- 
sent the positive and negative movements of the upper valve 
relatively to the lower, the relative valve circles, and the value 
Da, = r«, we shall call the relative eccentricity ; usually it will be 
necessary to describe only one valve circle O D«,. 

Moreover, the relative valve circle can easily be found without 
any calculation whatever. If (Fig. 48) we let fall from the ends D 
and Do of the eccentricities O D = r and Do = ro, perpendiculars 
on the axes X and Y, we have 

DoFo = OEo = rosinSo 
and 

DF = OE = r8in8, 
also 

Do Eo = Fo = n cos 8o 
and 

DE = OF = rcos8; 
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accordingly, 

Ei;»^ To sin So-«* sin S 
and 

F P, « r cos 8 - To 008 ?o. 

It now follows from the above, that 

O E. = E Eo 
and 

P, = P P^ 

The diagonals O D« and DJ of the two rectangles constmcted on 
these distances are then the required diameters of the relative valve 
circles ; they represent the relative eccentricity r„ and their position 
gives the negative angle of advance Y D» = S»» but we see that 
the distances D, and J)J are simply the second sides of two 
pardUdograms constructed mth the given eccentricities D = r and 
O Do = ro ; either D or D© may be taken as the diagonal, in 
the first case D« will be the second side, in the other case D,', 
but these sides are equal and opposite. 

We now perceive the simple connection between the two prin- 
cipal kinds of double valve-gears discussed in this and the preceding 
Section. 

If we compare Fig. 48 with Fig. 45a, we see that in both cases 
we have the same diagram; the difference is simply that the 
eccentricity r^ must be fastened to the shaft with a negative angle of 
advance when the expansion-valve slides on a stationary plate, as in 
Gonzenbach's and Georges' gear, and that in place of O Dq = r« 
(Fig. 45a) we have the relative eccentricity O D» = r« (Fig. 48) 
whenever the upper valve moves on the lower one. Therefore if we 
have a BrevcJ^s valve-gear, in which the relative eccentricity O D,, 
(Fig. 22a, PL V.) is equal in magnitude and position to the eccen- 
tricity O Do of the expansion eccentric (Fig. 18a, PL IV.) belonging 
to Chnzenbach's valve-gear, and if the widths of the openings a^ and 
a' (Fig. 22, PL V,, and Fig. 18, PL IV.) are equal, then the two valve- 
gears will have exactly the same distribution of steam, provided the 
main valves have the same laps and are both moved by eccentrics 
having the same eccentricity and the same angle of advance. We 
might therefore repeat for BrivoTs gear, all that was said in eon- 
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nection with Pig. 45 and Pig. 45a. It follows that BrSvaiTs valve- 
gear possesses in the same degree, all the imperfections mentioned 
in connection with OanzenJxnch's gear, and is, consequently, as little 
to be recommended. Moreover, the example represented by Pig. 19, 
PI. IV., can also be transferred directly to BrevoFs gear ; if, for the 
latter gear, the distance ODq in this figure is to represent the 
■ relative eccentricity, we must take the eccentricity of the expansion- 
valve D Do = Do' = • 042" (1 • 65"), and must fasten the eccentric 
with an angle of advance of 90°. These indications must sufiSce, for 
BrevaVs gear was only mentioned as a companion piece to Qonzenbcuih^s 
gear, for the sake of completeness ; in like manner the following 
valve-gears will show that they are companion pieces to Qeorgei 
much more perfect valve-gear. 



CHAPTER II. 

" POLONCEAU'S " (or BoRSIG's) CuT-OFF GeAR. 

Different arrangements of this gear are much used, the diJBTerence 
in the arrangements consisting in the manner in which the ex- 
pansion is varied. A few of the most important cases will be 
discussed in what follows, but these will be preceded by an examina- 
tion of the simplest case, in which there is fixed expansion. 

Pig. 23, PI. v., shows the arrangement of the valves of this gear, 
both valves being regarded as detached from their eccentrics and at 
the middle position. The ordinary valve S is provided at each 
end with additions which create the two steam-ways a^ Uq ; on this 
valve slides the expansion-valve So, which consists of a simple plate 
and passes over the steam-ways alternately. The eccentrics are fastened 
to the driving shaft as in BrevoTs gear. Fig. 22a, PL V. The valve 
arrangement is again given in Pig. 49, the length of the expansion- 
valve is P Pi = 2 Z and its outer edges are at the distance P E = 
Fl El = s from the outer edges of the steam-ways. Here, as in 
Georges* valve-gear, it suflSces to examine the distribution of steam 
on one side, and the main problem is to find the crank positions at 
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which the steam-way ao is closed and reopened by the expansion- 
valve (positions 5 and 6 according to our former notation). In a 
given valve-gear, moreover, we must see whether the condition is 
fulfilled, that position 6 shall fall behind position 1 (see p. 182). 



For example, if, in an existing valve-gear, there were given the 
eccentricity r = O'OIO"" (1-57") of the main eccentric, the angle of 
advance 8 = 15°, the eccentricity n = • 045" (1 • 77") of the expansion 
eccentric, the angle of advance So = 85°, the outside lap e = '0085» 
(0-33") of the lower valve, the width of the steam-way a^ =0-020" 
(0-79"), and the distance FE = « = 0-030" (1'18"), then we could 
determine from what has already been said, the distribution of the 
steam as follows. Construct the parallelogram (Fig. 24, PL V.) on 
the two eccentricities O D = r and O Do = r© ; its second side D, 
= r, is then the relative eccentricity and the circle described on it is 
the relative valve circle which represents the motion of the upper 
valve relatively to the lower one. Now if we describe a second 
circle from as a centre and Uq = « as a radius, we get the two 
intersections Ui and U2 ; crank position 5 passes through the former 
and corresponds to the instant at which cut-off or the beginning of 
expansion takes place ; crank position 6 passes through the other 
point of intersection U2 and corresponds to the reopening of the 
steam-way ao. Adding the diagram for the main valve, crank 
position 1 corresponds to the instant at which the main valve closes 
the steam passage in the cylinder. As position 6 is here behind 
position 1, the valve-gear is a practicable one; moreover, 0*435 
represents the ratio of expansion for crank position 5, as may readily 
be proved by constructing the corresponding piston position. Finally, 
the valve-link 22 must satisfy the condition that the following or 
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back edge of the valve shall not stand over the steam-way when the 
valve is at the extreme end of its travel ; but the greatest relative 
movement is r», hence we must, as Fig. 49 at once shows, have 

2 Z + « - ao > r„ 

or the wliole length of the plate must be 

2 Z > r. + ao - «, ^ 

a condition always easy to fulfil. 

The consideration of Polonceau's valve-gear may be immediately 
followed by that of Bardgy an arrangement employed on numerous 
Boraig locomotives. This valve-gear is closely related to that of 
PolonceaUy and their diagrams are identical as we shall see. 

If in Fig. 49 we suppose the expansion-plate F Fi to be divided 
in the middle and the two parts So So to be arranged for the middle 
position, as shown in Fig. 50, we shall have Borsig's valve arrange- 
ment, the distances of the iimer edges F Fi of the plate from the 
inner edges E and Ei of the steam- ways being F E = Fi Ei = «. We 

Fig. 50. 




see that the expansion-valve is an open one like that of Georges, but 
the latter slides on the stationartf cover of the lower steam-chest. It 
has been already mentioned in connection with Oeorges' gear, that 
the plates can be united at the centre, and the outer edges instead 
of the inner ones be the controlling ones. It was there stated that 
with this variable arrangement (which, so far as we know, has not 
been constructed), it is simply necessary to change the position of 
the expansion eccentric in Georges^ valve-gear 180^ This is exactly 
what must take place in transforming Pohnceau's gear into that of 
Borsig ; but here it is the relative eccentricity which is shifted 180°, 
and this is effected by choosing another eccentricity for the expansion- 
valve and another angle of advance, the following considerations 
serving as points of departure. Let us assume that in Polonceau'» 
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Fig. 51. 
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valve-gear we have laid off the eccentricities^ r and Tq in the maimer 
described above, namely, by constructing a parallelogram on O D as 
a diagonal, then O D« will be the relative eccentricity r,, ; let ns also 
assume that for the same main valve we are to so construct Borng'f 
arrangement (Fig. 51) that with the same value of «, the same 

distribution of steam will be 
effected, as in Pohneeau^s gear ; 
then the relative eccentricity 
D, must be shifted 180°, i. e. 
must occupy the position ODa.', 
Now construct on O D,' as a 
side and D == r as a diagonal, 
a parallelogram ODa,' DDi, then 
Di = ri is the amotrnt and 
position of the eccentricity of the 
eccentric which must govern the 
expanaion-valve in Borsij^s 
arrangement. In general, as in 
the present case, the eccentricity r^ of Bor8ig*B expansion eccentric is 
different from ro in Pohnceav^s gear, and besides, the former is 
fastened to the shaft with a negative angle of advance Si and the 
latter with the angle of advance So. If we describe on O D« as a 
diameter, the relative valve circle, and from O as a centre and 
O Ü = 5 as a radius a second circle, and suppose the diagram crank 
to turn in the direction of the arrow, the diagram in Fig. 51 will 
apply to both Pdlonceau^s and Borsig^s arrangements, consequently 
there is nothing new to be said with reference to the latter. We 
may remark that in Borsig^s locomotives the main valve is driven by 
Stephendon^B link-motion with crossed rods, and the expansion- valve 
by the back eccentric through the medium of a double-armed lever. 
But when the locomotive is reversed Borng^s expansion-gear will not 
work, which is not the case with Polonceau's gear as applied to 
locomotives and as described below.* 

* Borsig^s locomotive yslye-gesr Las been disouBsed with the aid of our diagram, by 
Lehmann, in an article entitled " Die Borsig'sch Looomotivsteaerung," in the 'Orgaa 
für die Fortschritte des Eisenbahnwesens,' 1858, Bd. xiii., S. 241. 
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Let us return to PoUmcecm^s gear, and discuss the important 
problem of the means to be employed to produce variable expansion. 

We may vary the expansion by varying any one of three quanti- 
ties, namely, the eccentricity r© of the expansion eccentric, its angle 
of advance So» or the quantity P E = « (Fig. 49). The quantity s 
may be varied in either of two ways ; one way is to make the width a^ 
(Fig. 49) of the steam- ways variable (as in Georges^ gear), but this way 
has not thus far been employed in practice on account of its con- 
structive difficulties ; the other way is to make the length F Fi = 2 Z 
of the plate variable. This can be accomplished by dividing the plate 
in the middle and arranging the two parts so that they can be set at 
any desired distance from each other ; this arrangement is known as 
Meyer*8 gear and will be examined hereafter. 

Let us now examine the method of varying the expansion by 
varying Tq and Sq» the quantity a being assumed as constant. This 
method was the one followed by Poloneeau, and has recently been 
farther developed by Chimatte. Here it is a question ot simtUtaneomly 
varying both quantities, and the law of this variation will depend on 
the mechanism which governs the motion of the exptmsion-valve ; the 
case in which only the angle of advance So is variable, constitutes a 
particular case of the general ona The arrangements designed by 
Poloneeau and Ouinotte, when examined by the aid of our diagram, 
can be referred to the following general proposition. 

If, as before, D (Fig. 52) is the eccentricity r of the main 
eccentric and S the angle of advance, and if we assume that these two 
quantities are invariable, but that the eccentricity Dq = tq and the 
angle 3o of the expansion eccentric are variable, then we can imagine 
a mechanism which will vary r^ and S^, while the machine is running, 
in such a way that the end Do of the eccentricity ro will traverse th^ 
curve Mo Mo. Every different position and magnitude of the eccen- 
tricity O D then corresponds to a particular position and value of the 
relative eccentricity OD«; according to the above this is simply 
the second side of a parallelogram described on O D as a diagonal and 
O Do as a first side. The end D, will therefore traverse a second 
curve M, M, whose course can easily be determined when the first 
curve Mo M« is given. 
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If from Do we drop the perpendicular Do Eo on to the horizontal 
O Xy the distances Eo » (B and Eo Do s= y can be regarded as 
co-ordinates of the point Do of the curve Mo Mo, and we may suppose 
the carve to be given analytically by an equation expressing the 
difference between x and y. 




If we now draw, through the end D of the fixed eccentricity O D of 
the main valve, the line D Xi parallel to O X, and let fall from D» the 
perpendicular D.E, on DXi, we may regard the distances DE, 
and £4« Da. as co-ordinates of the fourth vertex D« of the parallelogram. 
The figure at once shows that D B.'= Eo = a? and Da,E, = Do Eo = y, 
and from this follows the proposition that under all circumstances the 
curve M» M», traversed by the end D« of the relative eccentricity, is 
like the curve Mo Mo traversed by the end Do of the eccentricity O D» 
of the expansion eccentric. But the co-ordinates of the points of the 
second curve have signs which are the opposites of those of the first 
curve, and the origin of co-ordinates of the second is at D while that 
of the first is at O. 

If firom we draw radius vectors D^, to difierent points of the 
curve Mm M«, and bisect these vectors, connecting the points of 
bisection by a line, we shall obtain a new curve N N containing the 
centres C of the relative valve circles ; this curve is similar to the given 
curve Mo Mo. The curve N N is the one which will principally engage 
our attention, and we will call it the relative curve of centres ; in the 
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systems thus tea constructed {Pohneeau^s and Ouinotte^s) the curves are 
of very simple character, for the original curve Mo Mq is a straight 
line ; the curves M« M^, and N N are therefore straight lines also, and 
are parallel to the line Mq Mq. 

Before investigating these valve-gears we will discuss one special 
case which occurs in stationary engines and differs from the above- 
mentioned gears in that the curves are not straight lines but circles. 

Thus we can vary the expansion by turning the expansion eccentric 
on the shaft ; in this case the eccentricity Dq = ro is invariable, 
and only the angle of advance S^ is variable. The curve Mq Mq in 
Fig. 52 then becomes a circular arc described from the shaft centre 
O with a radius Do = r^. Moreover, we know from what has pre- 
ceded that the curve M« M^,, traversed by the end Dg, of the relative 
eccentricity, is likewise a circle having the radius D Dj, = r© described 
from D as a centre. The relative curve of centres is then, evidently, 
a circle whose radius is ^ro and whose centre is at the middle of the 
distance O D. In Fig. 24, PI. Y., the example discussed on p. 204 
is extended ; the relative curve of centres N N is dotted. The eccen- 
tricity of the main eccentric is r = 0-040"* (1*57"), the angle of 
advance 8 = 15^, the corresponding quantities for the expansion 
eccentric are r. = 0045"^ (1-77"), and Y Do = S© = 85% and the 
distance O U© = a is assumed equal to • 030" (1 * 18"). From what 
was said on p. 204 we see that the distance O D« gives the diameter of 
the relative valve circle and that the intersections Ui and Ü2 represent 
the two crank positions 5 and 6, one of which corresponds to the begin- 
ning of expansion, and the other to the reopening of the steam- ways. 

Now if the expansion eccentric Do is shifted, say, so that the 
eccentricity passes from O D» to O Do', it is simply necessary to repeat 
the given construction ; the diameter of the relative valve circle is then 
O D,,', and the intersections of this circle with the circle described with 
O Uo = a as a radius gives new positions for the crank directions 5 and 
6 ; at the same time the end of the relative eccentricity passes from D^, 
to DJ and the centre of the relative valve circle passes from O to C\ 
In practice the problem is given in the inverse form, i. e. the position 
Do' of the expatision eccentric is to be determined for a given ratio 
of expansion. For example, if in the present case the ratio of 
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expansion 4 : 1 is prescribed, we determine the corresponding crank 
position B, find the intersection U and erect a perpendicular at 
the middle of the radius U ; this intersects the relative curve of 
centres at C, which is therefore the centre of the required relative 
valve circle whose radius is C O ; if we draw its diameter O DJ and 
draw Do' parallel to the connecting line D D«, the line D^' will 
represent the required position of the expansion eccentric and the 
angle Y Do' will be the required angle of advance So for the given 
ratio of expansion. 

After what has been said above, the remarks just made need no 
further proof ; neither is it necessary to discuss the method of deter- 
mining the limits of expansion in the given arrangement, for the 
extreme positions of the relative valve circle can be readily found by 
shifting its centre on the relative curve of centres N N. 

We will now examine more closely the arrangement given to the 
valve-gear by Pohneeau himself, to render it suitable for locomotives. 
This valve-gear is shown in Pig. 25, PL V. The two eccentrics D and 
Do on the shaft set in motion a Oooch link of the kind discussed in 
Section I., pp. 107 to 121. But the link is douUe, that is, it has two 
equal curved slots or guides. In one slot wee an adjust the block M of 
the rod M N which at N drives the stem of the main valve. In the other 
slot we have the block M© of the rod M© No which drives the expansion- 
valve. The shifting of the blocks by lifting and lowering the radius- 
rods M N and M© No is accomplished by the levers A B and A© B© whose 
ends B and Bo are connected by rods with the bell-crank levers WW 
and Wo Wo ; the rods K and Ko transmit the ehifting motion to the 
radius-rods. By means of latches and the notches in the sector H H, 
the reversing levers are held fast in different positions. 

It is easy to see that this valve-gear becomes like the Oooch gear 
when the two blocks M and Mo are set at the same point of the link ; 
for then the two valves move in the same manner and the expansion- 
valve has no influence because it is at rest relatively to the nudn 
valve ; but when the blocks have different positions in the link, the 
valves move differently, and the problem of ascertaining howthe expan- 
sion-valve moves relatively to the main valve, again' presents itself 
When it is desirable to throw the expansion-valve temporarily 
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out of action, Polonceau^s arrangement of the rpyersing leyers is in- 
conirenienty for the locomotiye runner must use both hands to give 
the same motion to the two levers. This inconyenience is avoided in 
KravM' arrangement, shown in Fig. 26, PL V. H H is again the 
stationary sector, but its notches receive only the latch on the reversing 
lever A B of the main valve. A second sector Ho H© is fastened at P 
to the lever A B, the sector taking part in the motion of the lever» 
The notches of this sector receive the latch of the reversing lever 
Ao Bo of the expansion- valve. It is now easy to see how the levers are 
used. In the lever positions shown in Fig. 26, the valves are in 
action in nearly the same manner as in the arrangement shown in 
Fig. 25. Now if the runner wishes to throw the expansion- valve oi;t 
of action, i e. to use the gear as if it were a simple Oooch link-motion, 
he plisices the latch of the lever A© B© in the notch P of the second 
sector Ho Ho. Then when the lever A B is shifted, the other lever Js 
also moved» As regards the action of PoUmeeau^s arrangement, we 
may refer to much that has been mentioned in connection with OooeVs 
gear. But under all circumstances we may assume that the radius* 
rod of the main valve is set for the extreme grade of expansion when- 
ever the expansion-valve is to be used. Under this supposition we 
will first determine the distribution of steam for the main valve, i. e. 
we will determine its principal crank positions. 

As in OooeVs gear, we will designate the eccentricities of the 
two eccentrics by r, their equal angles of advance by S, the lengths of 
the two eccentric-rods C D and Co Do (Fig. 25, PI. V.) by Z, the half 
length of the link by c, and the distance of the block M from the 
dead point of the link by u, then the movement of the valve for any 
crank angle a> is 

£ = r I sin 3 ± j cos 8 1 cos co ± — I cos 8 + j sin 8 1 sin co, 

the upper sign referring to open and the lower one to crossed rods. 
Now in what follows we will assume open rods and that the radius-rod 
of the main valve is lifted so far that t» = c, then the movement of 
this valve is given by the formula 

f = r I sin 8 -}- - cos 8 1 cos Ü) + r I cos S — r sin 8 J sin <ü. 

p 2 
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We may now find^ as before, the co-ordinates of the centre C of the 
yalve circle for the extreme grade of expansion (Fig. 27, PL Y.), from 



O B = ^ [sin 8 + ^ cos sl 



COS 8 — =-Bin 8|* 

Fig. 27 is drawn half size, and with the d intensions 

r = 0-066"^ (2-60") 8 = 30° 

l=V 600" (69 • 06") c = • 120» (4 • 72"). 

The foregoing formnlas give, for these dimensions, the quantities 

. OB = 0-0188"* (0-74") 
and 

BC, = 0-0272» (1*07"). 

HoreoTor, if we assume the outside lap of the main yalve to be 
O y := 6 « 0-03"^ (11-81"), and, with this as radius, describe a 
circle from O as a centre, its intersections with the valve circle will 
give crank positions 1 and 4 ; at position 1 the main valve closes the 
admission-port in the cylinder, and at position 4 it reopens the 
corresponding port at the other end of the cylinder. 

Now if the block Mo belonging to the expansion-valve is at any 
other point of the link, the centre of the corresponding valve circle 
will still lie on the vertical B G4, a property that was shown to belong 
to Oooeh's gear. If four grades of expansion are assumed for the 
forward motion and as many for the reverse motion, the distance B C« 
must be divided into four parts, the points CiCaC3C4 giving the 
centres of the valve circles corresponding to the different grades. 
For the reverse motion the distance B C4 is prolonged downwards, the 
points - Ci, - Oa, - C3 and - C4 likewise givbg the centres of the 
valve circles for the respective grades of expansion during the reverse 
motion. 

If we assume that the machine is running forward and that the 
link-block M of the main valve is at the extreme grade^ then, from 
what has preceded, we know that the circle described on O D as a 
diameter (Fig. 27, PI. V.) gives the law of motion of the main vahre. 
Moreover, if the link-block Mq of the expansion-valve stands, say, at 
the first grade of expansion, for the forward motion, Ci will be the 
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centre of the yalve circle which represents the law of this valye 
motion and O Do will be its diameter. If now we draw a parallelo- 
gram on D as a diagonal, we get O D» for the second side, and this 
represents the diameter of the relative valve circle whose centre Oi 
can also be found by drawing through C4 a parallel C4 Oi to Ci O, 

We see that the peculiarity of Pclonceau*8 arrangement con- 
sists in the relative curve of centres being a straight line which 
eoinoides with the aids of ordinales Y. If we now describe from Oi 
as a centre, the relative valve circle, and from O as a centre with 
radius U = « (see Fig. 23, PL V.) a circle, we shall get the im- 
portant points of intersection Ui and Us. The crank direction B^ 
passing through Ui corresponds to the beginning of the expansion, 
and the other through U2 to the reopening of the steam-way. The 
latter crank direction hitherto designated as position 6, happens in 
the present example to coincide with position 1, at which the main 
valve closes its port ; as position 6 cannot lie in front of position 1, 
the position of the link-block Mo here assumed (first grade forward 
motion) corresponds to one limit of expansion of the present gear ; a 
later cut-off is not permissible because steam would be admitted to the 
cylinder twice during the same stroke. If a later cut-ofiT must be 
employed on the locomotive, the runner must place the radius-rod of 
the main valve and that of the expansion-valve together at some other 
than the last grade of expansion, i. e. he must allow the gear to act 
like GoocKs link-motion. 

If we now suppose the radius-rod of the main valve to be placed 
at the last (4) grade of expansion, and if we successively place the link- 
block Mo of the expansion-valve at the dead point of the link and at 
grades 1, 2, 3, 4, hack-gear^ then we determine the centres of the 
relative valve circles exactly as before, these centres all lying on the 
vertical Y and occupying the positions Oo, - Oi to - O4 respectively, 
in Fig. 27, PL V. If we describe the corresponding circles which are 
only partly drawn in the figure, their intersections with the circle 
described with O U = s as a radius, will give the points Ui to U« and 
these in turn the crank positions Bi to Be» each of which represents, 
the beginning of the expansion for its particular case. In the present 
example the crank position Be gives the other limit of expansion 
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oorresponding to the shortest cut-off here attainable ; the link-block 
Mo of the expansioQ-yalye then stands at the extreme grade back-gear. 
We could extend the limits of expansion by increasiDg the length 
Co (Fig. 25, PL y.) in both directions, and thus permitting the link- 
block Mf to be placed beyond the points G and Co of the eccentric- 
rods, but on the whole little would be gained. 

That the present gear can be employed for the reverse motion as 
well as for the forward motion is at once evident ; for this purpose the 
link-block M of the main valve is placed at the extreme grade back- 
gear, and the link-block Mq at any grade forward gear. The diagram, 
Fig. 27, Fl. v., is then at once applicable to the reverse motion. 

Finally, it deserves mention that Pohnceau's gear, in addition 
to the disadvantage of a limited expansion, has another disadvantage, 
namely, that the loss of work due to the friction of the expansion- 
valve increases with the expansion. For if we designate the diameter 
O D, of the relative valve circle by r«, the distance traversed by the 
upper valve on the lower one during one revolution of the shaft is 
given by 4 r». The loss of work due to friction between the valves, is 
proportional to the distance traversed, and therefore proportional to 
the value r« ; Fig. 27, PL Y ., shows that this value increases with the 
expansion, hence the work lost by friction increases likewise. A 
similar remark might be made with regard to Oonzenbach's gear, in 
the special discussion on p. 192. 



CHAPTEE III. 

Guinotte's Cut-off Gear. 

At the Vienna Exposition certain new and very ingenious valve- 
gears attracted well-deserved attention, some of them being in the 
form of models, and some on locomotivea Before their appearance 
at the Exposition, the inventor Oamotte had made them known in a 
special article.* OamoOe gives a series of new arrangements, all of 

* Luden GuinoUe, * £tude g^ä»le sur la detente variable et sp^ialement snr eon 
application aux machines d'extraction.' Mons, 1871. 
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vrinch may be referred to the same principle; we will therefore 
confine ourselyes to two of the new gears, referring the reader to the 
article itself for farther details. Althongh Ouincite used our diagram 
extensively in his article, and says that he found it very useful in 
examining and representing the apparently complicated motions of 
his mechanisms, neyertheless as a continuation of the aboye dis- 
cussion we will pursue, in what follows, a different method from that 
employed by GuinoUe. In the first place, the valve motion in 
Ouinotte*8 gears is only a particular case of the general one examined 
in connection with Fig. 52, p. 208 ; in the second case it seems desirable 
to examine the matter analytically in order to recognise the influence 
of the dimensions of the various parts of Quinotie^s gear, on the 
distribution of the steam» 

Qumotte uses Polonceau's expansion-valve (Fig. 23, PI. V.) in his 
gear, and like him produces variation of expansion by simultaneously 
varying the eccentricity Tq and the angle of advance Sq of the 
expansion eccentric ; but the law according to which this variation 
takes place in his mechanism differs from that of Polonceau, and in a 
way that must be regarded as a decided improvement. Without 
going into the details of Omnotte'a gears, we can examine their 
advantages and the principle underlying them. 

In Fig. 53 as in Fig. 52, let D = r be the fixed eccentricity 
and Y D = S the angle of advance of the eccentric for the main 
valve, also let Do =» ro be a particular position of the variable eccen- 
tricity of the expansion eccentric ; then the peculiarity of- Ouinotte'a 
gear consists in the curve Mo Mo, traversed by the end Do of the 
eccentricity, being a straight line which is inclined to the spds of 
co-ordinates. K we construct the parallelogram and thus determine 
the position ODj. of the relative eccentricity, and then draw through D^, 
the line M« M« parallel to Mo Mo, we shall have the path traversed by 
the end D« of the relaUve eccentricity. Finally, if we bisect the 
distance D^ at and through this point draw a parallel N N, this 
line, dotted in the figure, will be the relative curve of centres along 
which the centre of the relative valve circle moves, when the eccen- 
tricity of the expansion-valve varies. The principal object of the 
investigations is the determination of this relative curve of centres and 
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the eesential feature of OmnoUe^s gears is that the line N N has the 
position shown in the figure and is imeUned to the axis X« 

We can already see the relationship between Omnotte^s and 
Polanoe(»u*8 gears; in the latter the aforesaid curres are likewise 




straight lines (see Fig, 27, PI. V.), bnt they are perpendicular to the 
axis X, and at the same time the curve Mg. Mo; as well as the 
relative curve of centres N N coincides with the vertical O Y. But 
it is . just the latter circumstance which restricts expansion in 
Polonceau's gear. In the case represented in Fig. 27, PL V., the 
crank directions Bi and O Be give the limits of the expansion ; 
crank position Bi corresponds to the least expansion or latest cut- 
off (when an expansion-valve is used) and position Be to the 
greatest expansion or earliest cut-off. In a perfect cut-off gear it 
should be possible to vary the expansion £rom zero up to the degree 
attainable by the main valve alone, in other words, the inter- 
section Ui (Fig. 27, PI. V.) should be brought to the position Uj at 
which the main valve shuts the cylinder-port, and the intersection U« 
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should be transferred to üo in order that the ezpansion-yalfe may 
cut off at the yery beginning of the stroke ; this last has the advantage 
that the expansion-valTe alone could suppress the admission of steam 
to the cylinder. In Pohnoeau'a gear it is impossible to falfil these ^ / 
conditions, as a glance at Fig. 27, PL V., shows, for the centre of the / ' 
relative valve circle travels on the vertical, and it would have to be is^ 
at an infinite distance to allow the intersection Ue to fall on Üq. ^ 

But matters are very different in ChUnotte^s gears where, as we 
will show, the relative line of centres N N (Fig. 53) is a straight line 
inclined to the axis X. If we describe a circle from as a centre 
and with Uo =a as a radius (the meaning of s is seen in Fig. 26, 
PL y.) and determine crank position 1 corresponding to the begin- 
ning of the expansion effected by the main valve, it will only be 
necessary to effect each grade of expansion from the dead point O B^ 
to crank position 1, i. e. it will only be necessary to let the intersection 
of the relative valve circle with the circle described with s as a radius, 
traverse the whole arc from Uo to Uj. 

K at the middle of the distance O Ü2 (Fig. 58) we erect a per- 
pendicular until it intersects the line N N at Ci and erect another 
at the middle of Uo prolonging it till it intersects the line of 
centres N N at C2, these two intersections will give the extreme 
positions of the centres of the relative valve circles ; if we describe 
from Ci as a centre and Ci as a radius, one, and from G2 as a centre 
and C2O as a radius the other of these relative valve circles, the 
intersections U2 and Uq will fall upon the aforesaid crank directions. 
Moreover, if we connect the centres Ci and C2 with the centre of the 
eccentricity O D of the main valve, and draw through the lines 
El and O E2 parallel to the connecting lines, then the points Ei 
and E9 will be the limits between which the end Do of the eccen- 
tricity of the expansion eccentric must be shifted along the line 
Mo Mo by the assumed mechanism, in order that aU possible grades 
of expansion may be attained. 

This examination also completes the presentation of the diagram 
as applied to Ouinatte^s valve-gears ; but perhaps one point more • 
should be mentioned, namely, that the second intersection of the 
circle having s as a radius, with the relative valve circle described 
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about O2» must of course taXl behind crank position 1, otherwise the 
expansion-yalve would reopen the steam-way before the main yalve 
bad closed the cylinder-port. 

How the centre of the relative yalve circle is to be found on the 
relative line of centres N N, and how the position O Do of the 
expansion eccentric is to be determined for a given ratio of expansion, 
is so evident from what has been said, that further explanation is 
unnecessary. 

On the other hand, we will now explain how OuinoUe*8 mechanism 
varies the eccentricity of the expansion eccentric so that the end 
Do can travel on the straight line M« Mo between the limits Ei 
and E2. 
x/ One Form of Ovinottes Cut-off Gear, — If we carefully examine the 

arrangement of Polonceau's gear, Fig. 25, PI. V., and the corresponding 
diagram Fig. 27, the thought is suggested that the straight line 
Mo Mo (Fig. 53), which coincides with the straight line D Do 
(Fig. 27, PL V.) in Pohnceau^s gear, can be inclined to the axis X 
by an unsymmetrical construction of GoocVs link-motion (used by 
Pohnceau to give motion to the expansion-valve), that is to say, by 
giving to the eccentricities, angles of advance, eccentric-rods and 
even to the parts of the link on opposite sides of its dead point, 
different values for the forward and back eccentric. It appears also 
from Ouinotte*8 writings that this waß the line of thought which led 
him to his new valve-gear arrangements, for his investigations were 
preceded by the considerations now to be given, with this difference, 
that we treat OoocVs gear, thus modified, ancUyticaUy. In doing this 
we might proceed as in the analytical investigation of Stephenson's and 
OoocVs valve-gears, but can attain our object more easily by an 
approximate procedure recently outlined by PiehavU'^ ; at least we 
start with the same fundamental thought in the following analytical 
investigation. 

Let us suppose the expansion-valve to be driven by the radius^ 
rod Mo Bo (Fig. 64) and the link Ci C2, the latter being curved to 

* Pichault, " tStude 8ur les appareils de distribution de vapeur, expoees k Vienne en 
ISTS," * Annales industriellefl/ 6® AnD^e» 1874. See literary notices at end of book. 
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the radius Bq Mo. Let the point J be taken as the dead pointy and 
by suitably suspending the link, let this point be guided in the line 
of stroke OX; let the block Mq be at the distance JMq = u from 
the dead point of the link. Let the expansion be varied by raising 
and lowering the radius-rod, i. e. by varying u, let us suppose the ends 

Fig. 54. 




Ci and C2 of the unequal eccentric-rods Di Ci = I, and D2 Ca = I2 
to be at the distances J Gi = Ci and J C2 = (^2 fi'om the dead point 
of the link ; let the two eccentrics have the eccentricities Dj = ri 
and O D2 = r2, the latter making with the perpendicular Y to the 
direction of the stroke, the angles of advance Sj and 83 shown in the 
figure. 

The problem now is to determine the equation for the movement 
of the valve, or, what amounts to the same thing, the movement of 
the point Bq. 

Jjet us draw the line O Gi and suppose the link to be detached 
from the rod at Ci, and let us regard Ci as the direction of the 
stroke, by supposing that at first only the eccentricity D^ turns 
through the angle ct> ; the point Gx will then oscillate about a certain 
centre of motion like the valve of a simple valve-gear ; if we let fall 
on the assumed stroke Gx» the perpendicular Yi, which makes 
with O Y an angle ai equal to the inclination of Ci to OX, the 
angle Bi + a^ will be equivalent to an angle of advance, and the 
movement of the point Ci from its middle position for an angular 
motion (o, will be 

fj sin (81 + aj + (I)). 
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Now if we suppose the link to be again joined to the rod at Ci, bnt 
the other point O2 to be stationary^ so that the link will swing about 
the fixed point Ga, the morement of the point Ci will be accompanied 
by a movement of the link-block Mq, and consequently by a move- 
ment of the end Bo, the latter movement being smaller in the ratio 

CgMp ^ Ca + tt . 
Ca Ci ' C^ + (h' 

this movement of Bq, which we will designate by ^'y is therefore 

^'=^^^r,Hm(S, + a, + u>). (112) 

Cg "t" Ci 

In like manner we may now suppose the eccentricity Di and 

the point Ci to be temporarily fixed and the eccentricity O D2 = ra 

to turn through the angle a>. Kow if the line Ca be taken as the 

direction of stroke, we shall have for this simple gear (Sa + oa) as an 

angle of advance, and for the movement of point Ca from its middle 

position, 

r, sin (^ + og — «). 

As the link now swings about the fixed point Oi, the movement f 
of the link-block will be smaller in the ratio 

CiMq _ Ci — tt 

CxCa " C^ + Ci' 

and therefore 

I" = ^-^^ r, sin (8, + Oa - co). (113) 

C2 4" Ci 

In reality, however, the two motions, which we have here considered 
separately, take place simultaneously, hence the total movement of 
the block Mq and therefore of the expansion- valve from the middle of 
its stroke will be 

substituting the values given by equations (112) and (113), and as 
before designating the whole length of link d Ca == <?a + Ci by 2 c, 
we have 

fo= ^^nsin(8, + a, + a,) + ^-^ m 
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In thiß equation for the travel of the expansion-valve there must 
still be determined the angles ai and 02, all other values being 
given with the valve-gear. These angles may be eliminated by the 
following approximate method. If we assume long eccentric-rods and 
a comparatively short link, the two angles ui and a2 (Fig. 54) will be 
very small and their cosines can each be taken equal to unity, and we 
may approximately make Ci = Di Ci = ?i and C2 = D2 Ca = ht 
and therefore assume 



and 



sin ai = — 
"1 



Ca 
sm a, = y ; 



developing the sines in equation (114) and substituting the pre- 
ceding expressions, the equation for the movement of the valve 
reduces to the form 

£, = A cos (D 4- B sin (I», (115) 

the values of A and B being given by the following equations : 

.A = <-^^r,(Bm8,-|.^ooe8.) + ^"r.(Bin8, + |o(»8.), (116) 

r/ooB8i-^Bin8,)-^^^^r,('co8 8,-^Bm8,\ (117) 



(c^+«). 



These equations at once show that the investigated mechanism is 
really useful in the sense explained above ; the values of A and B, as 
shown in the first section of the book, are the co-ordinates of the end 
of the diameter of the valve circle ; if , in a given gear and for a 
given position u of the block in the link, we were to calculate the 
values of A and B and lay off (Fig. 53) O A = A and AD© = B, we 
should get in the distance Dq, the corresponding eccentricity of the 
expansion-valve. According to the equations (116) and (117), a 
variation of u is accompanied by a variation in the values of A and B 
and in the position of Dq. But as both equations contain u to the 
first power» it at once follows that the point I>o traverses a straight 
line MqMo when u varies, i.e. when the radius-rod is raised and 
lowered. If we transform this gear (Pig. 54) into that of Choeh by 
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making ri = r^ =s r, 81 =r g^ = 8, 7^ = ;, s Z, and c, = c, = <?, the two 
equations (116) and (117) become 



A = r^Bin8 + jCobS^ 



which values are like those found on p. 1 12 ; in this case A is 
independent of u, that is, it is constant ; the line Mo Mo (Fig. 53) 
is therefore perpendicular to X, as in PoUmeeau^s gear. Conse- 
quently GoocVb arrangement must be constructed unsymmelrieally^ as 
stated by Omnotte^ if the straight line Mq Mq is to cut both axes of 
co-ordinates (as - in Fig. 53) ; it is easy to determine this line for a 
given valve-gear, for it is only necessary to determine the position of 
Do for two different values of u and to connect these positions by 
a straight line. But the inverse problem, to determine the dimen- 
sions from the course of the given straight line, is a difficult one. To 
solve this problem, it is easiest to employ an approximate method ; 
if the eccentric-rods are very long, and this was assumed in developing 
the above formulas, the influence of the terms containing the factors 
01 : /i and C2 ' ^ is so small that they can be neglected^ and we then 
have the simpler equations 

A = (^>r.Bin8.+^-^>r.rin8., (118) 

B = (^>r.oos8.-(^^r,coB8.. (119) 

Now if we suppose the radius-rod to be raised to Ci (Fig. 54), 

i. e. make u s Ci, the preceding formulas will give for A and B the 

values 

Ai = Ti sin hi 

and 

Bj = fj 008 81 , 

but these are the co-ordinates of the end Di of the first eccentric Di 
when the crank is at the dead point On the other hand, if the 
radius-rod is placed at Ca, that is, 1^ =: — C2, and if we designate 
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the corresponding yalues of A and B by A2 and B3, we shall hare 
from equations (118) and (119) 

A2 = r, sin 8^ 
and 

B2 = "^ ^2 ^^os 8t • 

Bnt these are again the co-ordinates of the end D3 of tHe eccen- 
tricity of the second eccentric D2 when the crank passes through 
the dead point. This gives us the following simple proposition : — 

Draw the two eccentricities Di and Da (Fig. 55) with the 
given angles of advance and connect their ends by a straight 
line D1D2; this line is then the line MoMo, which we have dis- 
cussed in connection with the diagram of Chdnotte's gear. Quinotte 
and Fiehavlt have developed this proposition by a different method 
and regard it as exact ; it serves, however, only as a first approxima- 
tion. If, in the argument leading to this proposition, we had made 
use of equations (116) and (117) we should have obtained more exact 
values for these co-ordinates, namely, 

Ai = rj Tsin 81 + ^ cos 8, j 

Bi = Ti foos 81 — ^ sin 81 j, 
and 

At = r, (sin 8, + r cos 8^ j 

Bg = — fj (cos 82 — y sin hA^ 

or if in developing the proposition we had gone back to equation (114), 

we should get 

Ai = n sin (8, + Ol) B| = fj cos (81 -|- aj 
Aa = r, sin (88 + 02) B, = - r^ 00s (§, + Oj), 

where a^ and a^ have the meaning given by Fig. 54. The exact 
position of the line Mo Mo (Fig. 55) could easily be found from the 
formulas just given, but we need not follow the matter further. The 
preceding approximate calculation shows, moreover, that in OuinoWs 
gear the two eccentric*rods may be made equal and the link sus- 
pended at the centre, as is done by Ghoeh, only the two eccentricities 
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Fig. 55. 




ri and r^ and the angles of advance Si and B^ being taken düBerent. 
In designing a new yalve-gear we first draw the diagram for the 
main valve ; then^ with the help of the data, locate the relative carve 

of centres NN (Fig. 53), and finally draw 
the gniding line Mo Mq. As a first ap- 
proximation we now choose the two eccen- 
tricities so that their ends Di and Dj (Fig. 
55) fall on the line Mq Mq. The form of 
Omnotte*$ gear above described is only 
applicable to engines which always nm 
in one direction ; this form cannot there- 
fore be employed as a reversing gear, and 
in this respect it is inferior to Palaneea/u*» 
^gear. 

Second Form of Chdnotte^s Oear. — The 
valve-gear now to be examined has been 
constructed by Cruinotte in various waysi 
and solves in a very ingenious and elegant 
manner the problem stated when discussing the diagram (Fig. 53). 
An important point in connection with this simple mechanism is 
that it answers for both the forward and the reverse motion of the 
engine, and is therefore applicable to locomotive, marine, and hoisting 
engines. 

Let us first suppose that Fig. 29, PI. YI., represents the gear 
applied to a non-reversible, stationary engine. The main eccentric 
is keyed to the shaft with the angle of advance Y O D and 
drives the main valve S by means of the radius-rod D Q. 

A second eccentric Do is keyed to the shaft with an angle of 
advance of 90^ and, by means of the eccentric-rod Do J, drives the 
link G Ci which turns about the point J. This pin J is also attached 
to the end of the lever J E L which turns about the fioßed axis E ; a 
second lever F Q E has its fulcrum at the end Q of the stem D Q of 
the main valve. By means of the coupling rods LF and EC the 
motion of the end L of the first lever is transmitted to the second one, 
and from this lever (whose fulcrum Q has the same motion as 
the main valve) to the end C of the link, the motions imparted to 
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the points J and C giving to the link a peculiar reciprocating and 
swinging motion. 

The block M can be shifted in the curved slot of the link, and 
the radius-rod B M, connected with the link^ is attached at B to the 
stem of the expansion-valve Sq. The expansion-valve is like 
Pohneeau's, which is shown in Pig. 23, PI. V. 

We will now develop analytically the theory of this valve-gear 
by determining the equation for the movement of the expansion- 
valve ; that isy we will develop the theory differently from Chiinotte, 
whose discussions were of a more graphictJ character. 

The movement of the link C Ci (Pig. 29, PL VI.) is a very com- 
plicated one, but can be easily represented analytically, if we follow 
its different motions separately. I shall first assume that the lever 
J K L is detached from the middle J of the link and that this point 
J is driven by an eccentric D«, whose eccentricity is r« and angle 
of advance B^, and shall also assume that the main eccentric O D is 
likewise held fast temporarily; now if the eccentric ODo turns 
through the angle co, the point J of the link will shift a distance ^i 
to the left,* and the link will turn about its fixed end C, for, under 
these suppositions, neither the lever J E L nor the lever P Q E will 
move. If we designate the distance C J by c and if the block M is 
at the distance JM=su from the middle of the link, the block, the 
end B of the radius-rod and the expansion-valve So will all shift to 
the left a distance ^, whose ratio to the movement ^i of the point J 
is as C M : C J, or since C M = ö - t*, 

r = '-^&. • (120) 

Now let both eccentrics O D and D« be held fast and let the lever 
J E L be turned till its end J again coincides with the point J which 
has been shifted a distance ^i ; let the points be again connected. 
If we designate the lever arms J E and E L by a and h, the assumed 
turning of the lever causes its end L and also the end P of the second 

lever P QE to shift to the right a distance - ^i, and this causes the 

a 

* [In saying this motion is to the left the general case is assumed that 9^ < 90°, in 
reality for the gear shown in Fig. 29, PI. VI., «, = 90°.— Ed.] 

Q 
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end E of the second leyer and the end G of the link (now iuming 
about its fixed centre J) to shift to the left a distance 

ai a 

where «i and 61 represent the lever arms F Q and Q E. But this 
second turning of the link causes the block M and consequently the 
expansion-valve So to shift to the left a distance ^'^ which may be 
found by multiplying the preceding value by the ratio M J : J or 
u : Oy which gives 

r = --^f.. (121) 

Finally, we must consider the third and last motion : the point J 
of the link and the lever J K L are fixed, and we must imagine 
the eccentricity D = r of the main valve to be turned through the 
angle to. The consequence is that the point Q is shifted with the 
main valve a certain distance to the left, and as the lever F QE now 
turns about the fixed point F, its end E and the point of the link 
must move to the left a distance 

«1 + &i ^ 

~^ 
the block M and with it the expansion-valve So must therefore 
traverse a third distance f"' expressed by 

f"'=r-^^- (122) 

The various parts of the mechanism are now evidently in the 
same position as if the three separately executed motions had taken 
place simultaneously. The total movement ^0 of the expansion-valve 
is therefore 

^o = ^ + r+r, 

or substituting the values given by equations (120) to (122) we have 

But according to the assumed notation, the distances estimated from 
the middle position are 

f = rsin(8 + <o), -. %' y)-^ f^^ 
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and 

(i = r. Bin (80 + Ü)), 

or if we assume with Omnotte, the angle of advance So of the eccentric 
O Do to be 90°, we get 

ju = To COS O). 

If these expressions are substituted in the preceding value of ^0» ^^ 

shall have after a few simple transformations, an expression for the 

movement f of the expansion-valve, of the well-known form, 

lo = A cos CD + B sin ü>, (1^3) 

where 

(124) 
(125) 



A = To + - 1 r sm d - 1 1 ]rA- 

u a^ + \ 



B = - 

c 



r oos 3. 



Fig. 56. 



As A and B represent the co-ordinates of the end Do of the eccentricity 
Do of the expansion eccentric, and as the co-ordinates vary with t«, 
these equations will enable us to deter- 
mine the location of the line Mo Mo, two 
points being sufficient for this purpose. 
To determine one point let t* = 
and designate the corresponding values 
of A and B by Ao and Bo, then, according 
to equations (124) and (125), we have 

Ao = To and B© = 0, 
consequently the line passes through 
the end Do (Fig. 56) of the eccen- 
tricity Tq. On the oüier hand, if we 
make t^ = e, that is, raise the radius- 
rod to the point C (Fig. 29, PI. VI.) 
of the link, and designate the cor- 
responding values of A and B by Aj 
and Bi we shall get from equations (124) and (125) the co-ordinates 
of a second point Di of the line Mo Mo, namely. 




Ai = r sm h H r« 

«1 a ax 

«1 



(126) 
(127) 



Q 2 
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As soon as this line is determined for a given valve-gear, there 
will follow all that was said of Fig. 53 on p. 216 concerning the dis- 
tribution of steam. We may now, by working backwards, readily 
determine certain dimensions of the mechanism when the guiding 
line Mo Mq is given. We will call attention to the particular case in 
which the lever arms of the two levers J E L and F Q E bear to each 

other the relation 

a : 6 = 6i : Ol , 

a relation that is easily realized practically; this proportion is 
equivalent to 

aoi ' 
which reduces equation (126) to 

Ai — ro = ^ r sin 8. 

«1 

But this distance is represented in Fig. 56 by Aj D^,. Now according 
to the figure the inclination ^ of the line Mo Mq to the vertical is 
given by 

tan<^ = ^% J^'^'^'- rS^?> 

which in our notation is equivalent to c^ i ^ *^ ^ y^ C^t^^ ^ 

A — 9* ^ '- ' 

tan <^ = -—^ — ••• . ^ ^ 

Substituting in this equation the above value for Ai — ro and the 
value of Bi given by equation (127), we get 

tan <^ =: tan 8 or <^ = 8. 

This gives us the interesting proposition that, with the assumed 
leverages, the line Mo Mo is parallel to the eccentricity D of the 
main eccentric ; in this particular case, therefore, we may determine 
the position of Mo Mo without any calculation whatever. 

Before closing we must call attention to a matter of controlling 
importance. If the main valve is driven by the eccentric D, the 
engine will run in one, say, the forward direction, represented by 
arrow No. 1 (Fig. 56). Now if the engine is to be reversed, either 
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the eccentric O D must be shifted to the position ly or the 
main valve must be driven by another eccentric D'. But this is 
equivalent to changing the angle of advance S of the eccentric D to 
the value (180° — S). Substituting this value in equations (126) and 
(127) we find that Ai is unchanged in direction and magnitude, but 
that while the numerical value of Bi remains the same, ü» sign 
changes ; consequently reversing will bring the point Di to Di', and 
the line Mo Mo will shift to Mo' Mq', the latter line occupying the 
same position relatively to the back eccentric that Mo Mo occupied 
relatively to the forward eccentric. 

From this follows the remarkable proposition, that with this gear 
the reversing of the engine can be eflTected without the locomotive 
runner altering anything in the mechanism that controls the motion 
of the expansion-valve. 

OuinoUe rightly emphasises this great advantage of his valve- 
gear, and indeed we must regard his invention as a very important 
advance in the construction of cut-oflf gears. 

As regards the reversing gear, it is here perfectly immaterial 
whether the main valve is driven by Stephenson* a, GooeVs, ÄUan% or 
Heusinger v, WaJdegg's link-motion, for OuinoUe' s gear can be com- 
bined with any one of these; according to Chiinotte the eccentric 
Do (Fig. 29, PI. VI.) can be dispensed with, if, as in H, v. WaJdegg's 
gear, the crosshead sets in motion a two-armed lever whose second 
end guides the centre J of the link. Indeed, it is not difficult to 
transform Ouino(te*8 gear in various ways. Several such transforma- 
tions are given in the article by Ouinotte already mentioned. 



CHAPTER IV. 
Meyer's Cut-off Gear. 



Meyer^s gear first came into use in 1842; only its valve arrange- 
ment is shown in Fig. 28, PL V. The main valve, as in Polonceau^s 
gear, is provided with two steam-ways ao ao, and carries the expansion- 
valve which here has the form of two plates So So. These plates also 
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act as nuts to the right- and left-hand screws h h cut on different por- 
tions of the valve-stem B B. Consequently, if the valve-stem is 
turned about its longitudinal axis, the plates will recede from or 
approach each other according to the direction in which the stem is 
turned. In a certain sense, therefore, the expansion-valve is a plate 
that can be lengthened or shortened at will, thus effecting, as future 
investigations will show, an earlier or later cut-off. The variation of 
the expansion by turning the valve-stem B B, can also be effected 
during the running of the engine and in various ways. 

The arrangement shown in Fig. 28 is easily understood. The 
bracket T carries the sleeve Y in which one end of the valve-stem 
slides. When the stem is turned by the hand wheel W, a sleeve- 
shaped screw surroimding the end of the stem also turns, but takes 
no part in the sliding motion of the stem ; the screw on the outside 
of this sleeve works in a nut, on the outer surface of which there is a 
visible index line a, whose position along the gi-aduated scale, marked 
on the fixed sleeve V, shows at any instant the position of the valve- 
plates So So in the interior of the steam-chest, and thus indicates the 
degree of expansion with which the gear is working. The setting of 
both eccentrics is shown in Fig. 22a, and is like that in BrSmTs 
and in Polonceau's gear. D = r is the eccentricity of the main 
eccentric, and Do = ro that of the expansion eccentric, the latter 
being set with an angle of advance Y Do = So- In Fig. 57 both 

Fia. 57. 

^m!^- ■ — 




valves are again shown and in their middle positions ; the position 
here occupied by the valves relatively to each other and to the 
cylinder is of course only possible when the valve-rods are detached 
from their eccentrics. 
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Let us first assume that we are dealing with a Meyer gear for a 
non-reversible, stationary engine, then the diagram of Fig. 24, PI. V., 
discussed on p. 204 and p. 209 in connection with Pohnceau^s gear, is 
also applicable here. If, therefore, in a Meyer gear, the eccentricity 
of the main eccentric is r=:0-040'^ (1-57") and that of the 
expansion eccentric is ro = 0*045™ (1-77") while the angle of 
advance of the former is S = 15° and that of the latter is So == 85°, 
we lay oflf these values in the now well-known manner (Fig. 24, PI. V.), 
construct the parallelogram ODo DD« and describe on its side 
Daj, representing the relative eccentricity, the valve circle that ex- 
presses the law of motion of the upper valve relatively to the lower one. 

We now describe, with £ F = s as a radius, a circle Uo XJ Ui 
about and find its intersections Ui and U2 with the relative valve 
circle; in the figure the value s = 0*030" (118") is assumed. 
The crank directions 5 and 6 passing through the points Ui and U2, 
correspond respectively to the beginning of expansion and the 
reopening of the steam-way. Thus far, therefore, there is no diflfer- 
ence between Pohnceau's and Meyer's gears ; no difference appears 
till the method of varying expansion comes up. In Poloneeau^s gear 
the quantity a is constant and the relative eccentricity is variable in 
mf^nitude and direction, while in Meyer's gear just the opposite is 
true. The influence of the variation of the value E F = s (Fig. 57) 
is easily seen from the diagram ; the smaller this value, i. e. the 
farther apart the plates, the more crank position 5 is shifted to the 
left and the earlier does the cut-off take place. The plates may 
even be separated so far that the edge F will fall to the left of E 
(Fig. 57) ; the intersections Ui and U2 then interchange their signifi- 
cations, as was explained on p. 186. Meyer's gear can easily be 
designed so as to effect all possible degrees of expansion from zero 
on ; of the valve-gears hitherto examined only Georges* and Ouinotte*s 
possess this property ; to obtain this result with Meyer's gear it is 
necessary to make the eccentricities r and r^ unequal as will be 
shown later on. It is usual in practice to make the eccentricities 
equal, and we will give an example of this case as it will afford a 
favourable opportunity of discussing the most important points. 

In the Meyer gear let the eccentricities of the main and expan- 
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sion eccentric be r = ro=0'040" (I* 57"), let the angle of 
advance of the fonner be 15° and that of the latter 8 =» 60°. The 
expansion-valye is now to be arranged so that any degree of expan- 
sion, 0, O'l, 0*2 to 0*8, can be obtained at will; the problem is to 
determine the corresponding positions of the plates and the requisite 
dimensions of the various parts. 

Lay off (Fig. 30, PL VI.) the given eccentricities in the usual 
manner and draw the relative valve circle on the diameter D», then 
draw Lo L parallel to X, consider this line as the piston stroke and 
determine the piston positions for each of the given ratios of expan- 
sion; we have assumed the distance LoL = O'lO" (3*94"); 
the crank radius Bo of the crank-pin circle Bq Bi B2 is there- 
fore equal to 0*050" (1*97")- From the piston positions we next 
determine the corresponding crank positions Bi, O B2, &c., and 
find their intersections Ui, U2, U3, &a, with the relative valve circle. 
The distances Ui, U2, &c., at once give the required values of 
E F = 8 (Fig. (fT) for the various ratios of expansion, and these 
values of 8 are here given full size because the eccentricities were 
drawn full size. For example, the ratio of expansion 0*4 has the 
crank position B4, and measurement shows the corresponding value 
of OU4 = « is 13-1»» (0-52"). For the ratio of expansion 0-1 
we have the crank position OBi, and the distance OUi = 9*5"" 
(0*36") is negative, i.e. for this ratio of expansion the plates are so 
far separated that the edge F (Fig. 57) lies 9*5"»» to the leß of E 
(when both valves are in their middle positions). When the plates 
are separated so iai that F is at the distance OUo = 24*5™" 
(0 • 96") to the left of E, the degree of expansion is zero, L e. the 
valve cuts off at the beginning of the stroke. In the lower part of 
Fig. 30, PI. yi., the various values are laid off on a straight line, 
the positive values lying to the left of E and the negative ones to 
the right ; the positions of the edge F relatively to E are then at 
once seen for each ratio of expansion. But with the dimensions 
assumed for Fig. 30, PI. YI., there is a certain limit to the ratio of 
expansion in one direction. It we separate the plates so far that 
8 = Uq, we shall get the ratio of expansion 0*8; if we continue 
the circle described with U^ till we obtain the second intersection 
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Uo'y then B^' is the crank position at which the steam-way reopens, 
and, as this position is behind position 1 at which the main yalye 
closes (the outside lap of the latter is V = ö = 0-008" (0-31"), 
this position of the plates is still a permissible one ; but we see from 
this that the greatest permissible value of a is given by U' = U, 
U representing the intersection of crank position 1 with the relative 
valve circle. At this limiting crank position OR' the ratio of 
expansion is 0*830, and the expansion- valve reopens the steam-way 
at the same instant that the main valve closes the cylinder-port If 
the plates were separated till the distance 8 fell between the values 
U and D« steam would enter twice during the same stroke, for 
the upper valve would reopen the steam-way in the main valve 
before the latter had closed the cylinder-port. If the distance $ 
were taken greater than OD« the expansion-valve would become 
useless, for it would no longer close the steam-way, but simply 
contract and widen its port alternately. Moreover, we see that it is 
advantageous to allow the relative eccentricity D« to coincide in 
direction with crank position 1 ; but this generally requires that the 
two eccentricities O D and Do be different, i. e. that two different 
eccentrics be employed. 

In the present example it will be best to take the greatest value 
of 8 equal to OU = OU' = AE = 29-5»- (1-16"), and for this 
value let the two plates (Fig. 57) touch each other at the middle ; 
the value represented by x is then zero, and if we designate this 
greatest value OU = AE = aby«i and use the notation employed 
with Fig. 57, we obtain 

L = Z4-«i. (128) 

Then if we wish to vary the expansion down to zero, the other 
limit of s which we will designate by «a, will be given by O Uo = 
E B, that is the plates will be separated till the edge F is at the 
left of E when the valves are at their middle positions. Now when 
the upper valve moves on the lower one (its greatest relative move- 
ment to the left is Da, = r«,) its right edge must not pass over the 
steam-way ; we see therefore that the length I of the plate cannot 
be less than that given by the equation 

i = r.4-«f + ao. (129) 
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Ify for the present case, we assume the width of the steam-way to be 
00 = 30-» (1-18") and take from Fig. 30, PL VI., the values 
D, = r„ = 31— (1-22") and O Uo = «2 = 25"" (0-99"), the 
minimum length of the expansion- valve is Z = 86"" (3 •49"). 
As the greatest positive value of 8 was found to be O XJ = «1 = 
29.5-1» (l-ie"), we find from equation (128) the length L 
which is a dimension of the main valve (Fig. 57), to be 

L = 115- 6«»" (4 -ÖS"). 

Both values L and I are minimum values which in practice will be 
increased by a few millimetres. It follows from what has preceded 
that the lower part of Fig. 30, PL VI., gives, full size, the distance 
A F = » (Fig. 57), which represents the amount that each plate must 
be shifted from the centre to attain the assumed ratio of expansion. 

The preceding investigations apply only to non-reversible engines, 
but they can be readily transferred to reversible engines. For 
investigating the reverse motion we must, in constructing Fig. 30, 
PL VI., use in place of the eccentricity D of the forward eccentric, 
that of the back eccentric. If we make the angle of advance of the 
expansion eccentric So = 90°, the diagram gives equal results for the 
forward and reverse motion. But in locomotive work, for obvious 
reasons, attention should principally be directed to the forward 
motion and the angle of advance, for the expansion eccentric should 
be taken less than 90° ; the effect of this is to bring the relative 
eccentricity D» (Fig. 30, PL VI.) nearer to crank position 1, thus 
increasing, as shown above, the limits of expansion. The arrange- 
ment is then less perfect for the reverse motion, but this is not of 
much consequence in locomotives that seldom run backward. 
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CHAPTEE V. 

Napier and Eankine's Cut-off Gear. 

In the introductory remarks to the investigations on double valve- 
gears^ attention was called to the fact^ that link-motions, with 
but one valve, exhibit the peculiarity of earlier release and com- 
pression when the expansion is increased. If we suppose the block 
to be so placed in the link that the resulting valve-motion is as if an 
eccentric with eccentricity OD and angle of advance S (Fig. 58) 
were in action, the four principal crank positions 1 to 4 will be given 
by the intersections a,6, c, d 
with the lap circles. Now, link- 
motions effect an increase of 
expansion by simultaneously 
varying r and the angle of ad- 
vance S. The figure at once 
shows that increasing 8 not 
only shifts position 1 nearer 
to D, but also shifts the re- S^ 
maining positions 2, 3, and 4 
in the same direction ; but the 
sfaifling of the last three is 

not desirable, and this is particularly true of positions 2 and 3, which 
represent the beginning of the compression and of the release; 
either these positions should remain invariable, as in all the double 
valve-gears considered above, or they should shift but slightly when 
positions 1 and 4 change. The latter result is attained by Napier 
and Bankine's valve arrangement shown in Fig. 31, PI. VI. ; strictly 
speaking, this gear possesses no expansion-valve which slides on the 
main valve, for the latter S slides on a movable valve seat. Under 
the main valve lies a frame-like valve So So, whose stem Bo is driven 
by a special eccentric D© = r©, set with an angle of advance of 90° 
(Fig. 31a). This eccentricity Tq is small and gives to the induction 
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edges of the cylinder-ports a slight reciprocating motion. In Fig. 31 
both valves are shown in their middle positions ; the distance between 
the edges F and E represents the outside lap e ; the inside lap i is 
not specially emphasized in the figure, but has here exactly the 
same meaning as before (see Fig. 7, p. 25). The action of this gear, 
as Napier and Bcmkirie have shown, can be easily followed with the 
help of one diagram. Fig. 32, PI. VI., represents such a diagram. 

Let C Ci represent the curve on which the centres of the valve 
circles travel when the block is shifted in the link, and for the 
present, let us suppose the block so placed that the valve moves as 
if it were driven by the eccentric D. Now describe the valve 
circle on O D as a diameter, draw the inside lap-circle, and find the 
intersections h and c. If we connect these points with 0, crank 
positions 2 and 3 will give us the beginning of the compression and 
of the release. Thus far the procedure is the same as *the ordinary 
one, but the determination of positions 1 and 4 is different, for the 
induction edge E is movable ; the problem here is to determine the 
motion of the edge F relatively to the edge E ; but the latter is 
driven by the eccentric Do ftiid the former by D, consequently, 
if we construct on D as a diagonal the parallelogram Do D Dj., 
we shall have D« for the relative eccentricity, and the circle 
described on the latter as a diameter for the relative valve circle. 
Describing the outside lap-circle, the intersections a and d will give 
the required crank positions 1 and 4, the former corresponding to the 
beginning of expansion and the latter to the beginning of admission 
at the other end of the cylinder. If the valve S© were stationary and 
the outside lap e were the same as before, crank positions 1 and 4 
would lie at 1' and 4', and this shows that Napier and Bcmhine 
attained the object mentioned : expansion is varied while 2 and 3 
remain the same. Moreover, the diagram shows us that the curve of 
centres C C/ of the relative valve circle is parallel to the original 
curve C Ci but at a distance ^ ro to the left of it. 

Napier and Banhine's arrangement is without doubt an ingenious 
one, but it* will probably not be extensively employed on locomotives; 
after all, the principal object of the gear is not attained, and when 
the expansion is very great, i. e. when the block is placed nearer the 



FARCOrS CUT-OFF GEAR, 287 

dead point of the link, it bnt imperfectly fulfils its purpose, for the 
two crank positions 2 and 3 approach nearer to the eccentricity D ; 
an earlier compression and release, therefore, still accompanies 
increased expansion, though to a less degree. 



CHAPTER VI. 
Farcot's Cut-off Gear. 



Farcot's gear, first used in 1838, is most often found on French 
engines. The form of the main yalve is similar to that in Pohnceau's 
and Meyer's gears, i. e. it is provided with steam-ways opened and 
closed by an expansion-valve which slides on the back of the main 
valve. But the gear differs essentially from those hitherto treated 
in that the expansion-valve is loose on the main valve, receiving no 
motion whatever from the outside. In consequence of friction 
between it and the main valve, it is carried (dragged) back and forth 
by the latter, but is prevented from moving with the main valve 
at certain proper points of the latter's travel. This gear does not 
need any special analysis, our diagram easily and briefly explaining 
the action of the expansion-valve ; here the problem is simply to 
determuie the instants at which cut-off takes place and the steam 
way is reopened, and to determine the limits between which ex- 
pansion varies. Farcot's gears may be divided into two classes : 
one in which the expansion-valve consists of only one piece and 
another in which the expansion- valve consists of two pieces ; we will 
treat these two classes separately 

a. Gear with a One-part Expansion- valve. 

Fig. 33, PI. VI., shows the valve arrangement of such a gear. 
On the main valve S there is a gridiron plate S© So which has two 
lugs nn and acts as an expansion-valve. Between these lugs is a 
stop E at the lower end of an arbor A that passes through a 
stuflSng box in the cover of the steam-chest. The form of the stop 
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. is shown at Ei and can be brought into different positions by the 
arbor A, and in this way its diameter in the direction of the valye- 
motion may be varied. 

Now, if we suppose the lower valve to be shifted to the right (we 
have supposed both valves to be at first in their middle positions) 
the upper valve will move with the lower one till the left lug strikes 
the stop ; the upper valve then stands still while the main valve con- 
tinues its motion ; consequently the plates of the expansion-valve 
pass over the steam-ports in the main valve, contracting the latter 
and then closing them at a certain moment. 

If the main valve moves to the left it takes the expansion-valve 
with it tin the right-hand lug strikes the stop ; then the upper valve 
becomes stationary and thus causes the steam-ports to reopen for the 
next stroke. By turning the stop E the lugs can be made to strike 
sooner or later, thus varying the expansion. 

For the purpose of investigating the action of this gear the two 
valves are represented in their simplest form in Fig. 34 and are pro- 
vided with a single steam-way for each end of the cylinder. To 
solve the problem stated above it is of no consequence whether there 
is one large steam-way or several smaller ones. The following in- 
vestigation will show why it is that one wide steam-way is generally 
replaced by several naiTOW ones. 

In Fig. 34 the axis X X passes through the centre of motion of 
the main valve S, and the latter is shown in its extreme left-hand 
position, the valve centre B is therefore at the distance of the eccen- 
tricity r from the centre of motion. While the lower valve moves 
to the left, the right-hand lug of \\a% expansion-valve So is kept back 
by the stop, in the position shown. The stop is so pl6u;ed that its 
diameter in the direction of the valve-motion is 2 a; ; by turning the 
stop X can be varied from a certain minimum value o^i to a certain 
maximum value 052. The notation employed in the following dis- 
cussion is inscribed in the figure and needs no special explanation. 

If we now suppose the main valve S to be moved from its extreme 
left position to the right, the lug or shoulder will strike against the 
stop after both valves have traversed the distance y ; the expansion- 
valve, and consequently its edge Fi, is therefore stationary ; if now 
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the main valve continues its motion to the right, when it has moved 
through the distance Fi Ei = «i the steam- way will be closed and 
expansion will begin. The whole movement of the valve S to the 
right from its extreme position is therefore y + »i ; as it is now 
beyond the centre of motion and, according to the following dis- 
cussion, must be beyond this centre, the valve movement f , or distance 
of the centre of the valve from the centre of motion, is 

f = y + »1 - r. 

Now according to the figure, 

Jj+r = 8i + l + y + x, 
which gives 

f = L - Z - «. (130) 

In the assumed valve-arrangement L — Z is constant, and this 
enables us, for every position x of the stop, to determine the position 
of the main valve which gives the crank position, the corresponding 
piston position, and the corresponding ratio of expansion. But all 
these determinations can be made with the help of the diagram. 
Before entering on these questions we will make the following 
remarks. The contraction of the left steam-way begins when the 
valve edge Fi is at the right-hand edge of the port, i. e. when the 
valve S has travelled the distance y + «i - «o to the right from the 
extreme positions ; in other words, when it is at the distance 

& = 2( + »1 - oo - r, 

from the centre of motion ; according to preceding equations we also 
have 

& = L~Z-aj-ao, (181) 

and for this valve movement we can, as before, readily find the 
corresponding crank position. In like manner, if we direct our 
attention to the right-hand side of Fig. 34, we can easily determine 
the position of the main valve at the instant when the right-hand 
steam-way is just beginning to open and when it is just closed. In 
the first case the valve has travelled from the extreme position a 
distance y + ^s, and in the second case the distance 9 + ^2 + ^0; or. 



240 EXPANSION-VALVE ON BACK OP MAIN VALVE. 

estimating the distances from the centre of motion, we have respec- 
tively the valve movements 

(i = y + h-r 
and 

Now, according to the figure, -i 

and, since y = 2 Zi — 2 «, we have, by substituting the resulting values 

of y and «2 i^ the foregoing equations, respectively : 

fe = 2 «1 - (L - Z) - «. (132) 

f8=2Ji-(L-Z)-ao-«. (133) 

The four values for the valve movement given by equations (130) to 
(133) then correspond to crank and piston positions which are easily 
determined ; but we will confine ourselves to the consideration of the 
valve movement f corresponding to the beginning of expansion ; 
possibly the valve movement ^2 ^^J be of interest, but it is easy to 
see that the reopening of the steam-way does not occur until after 
the piston has begun its return stroke, and this at once disposes of 
the only reason for a closer examination, the object of the latter 
being to ascertain whether steam is admitted twice during the same 
stroke. Of still less interest are the valve positions ^1 and f 3, the 
signification of which has already been explained. 

We will now pass to the construction of the diagram, and will 
assume that the eccentricity r and angle of advance S of the main 
valve's eccentric are given, and will construct the valve circle O D 
(Fig. 35, PI. VI.). Measure the lengths L and I (Fig. 34) and describe, 
from as a centre and OA = L — Zasa radius, a second circle 
A B Bi, which we may also regard as the crank-pin circle ; finally, if 
we lay offtowardO the distance AX = a, we shall have OB = O'A — 
AB = L — Z— aj = f = the valve movement given by equation 
(130) ; if, with O B as a radius, we describe a circle and continue it 
till it intersects the valve circle at F, B will be the crank and 
L the piston position corresponding to the beginning of expansion, 
and this completes the presentation of the diagram for Farcofs gear, 
for it is easy to solve the inverse problem ; namely that of determining 
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the position x of the stop for a given expansion. We simply deter- 
mine the crank position B corresponding to the piston position L ; 
the distance R P measured on O B is the required value of aj. 

If we follow the intersection P on the valve circle we see that 
there is a minimum value for x, namely, Ei Di = «i ; if a; were taken 
smaller, the expansion-valve would not close the steam-way but 
simply narrow its opening. In this way we obtain an upper limit 
for expansion ; at this limit the crank direction, at the instant of 
cut-off, coincides with the direction of the eccentricity D = r ; as 
S is always greater than zero, piston position Li for greatest cut-off 
always falls in front of the middle point H of the stroke. In 
Fa/reofa gear, therefore, the ratio of expansion can never reach 0*5 ; 
this is a restriction which prevents Farcofs gear from being applicable 
to all cases. 

On the other hand, with this gear the ratio of expansion may 
be reduced to zero. For if we make a; = A Bo (Fig. 35), this greatest 
value of aj, which we will designate by x^^ will cause the steam to be 
cut off just at the beginning of the stroke. In designing a new gear 
we must assume the values of r, i and the minimum value Xi ; in 
our example we have taken r = 40"^ (1*57"), S = 15°, and x^ = 
15"^ (0-59"). Then, according to Fig. 35, we have : 

L-Z = r + »i, (134) 

and for the maximum value A Bo = 0^2 : 

«a = L-Z-rsin8. (lS5) 

In"' our case L - Z = 65»» (2-17") and x^ = 44-» (1-73"). There 
now remains the distance 2 Z to be determined (Fig. 34, PI. VI.); 
in this determination we assume that a^ =r Si, i.e. that the steam- way 
is fully open even when x is smallest. 

But we then have : , i, . 1 >. 1, Ii / 

«o + Z + y + a?i = L + r. 



This gives, since 

and 

the equation ; 


y = 2 Zi - 2 aj= 

r + a?i = L - Z, 

2Z, = 2(L-Z)-ao. 

• 


(136) 
B 
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But it is easy to see that we must also have : 

and this combined with equation (136) gives : ^ ^ - - 

ao < 2 (L - Z - a?«) . 

In the present example, therefore, the width a^ of the steam-way 
must be smaller than 22"*" (0'87"): if we employ two steam- 
ways, each 15"" (0'59") wide, the total width of the admission-port 
becomes 2 a,, = 30™" (118"), and, according to equation (136), we 
must make 2 ^i = 95"" (3 • 74"). 

6. Gear with a Two-part Expansion-valve. 

In the one-part valve-gear just discussed the opening and closing 
of the steam-ways is effected by the lugs striking against the stop ; 
but this has the disadvantage, that the steam-ways in the expansion- 
valve must be considerably wider than those in the main valve. If, 
when aji has its minimum value, the distance Si between the edges Fi 
and El (Fig. 34, PI. VI.) is equal to the width a© of the steam-way, 
as was assumed above, then the distance Si corresponding to the 
maximum value of x (which is oja) is given by the equation : 

«1 + i + 2 Zi - o;, = L + »- , 

and making use of equations (136) and (134), we get : 

«1 = «0 + «2 — a^i ; 

the steam-way in the expansion-valve must at least have this width if 
it is to be fully open even when the expansion is greatest (i. e. when 
ratio of expansion is zero) ; now although this is not necessary, it is 
nevertheless true that with the one-part valve these steam-ways are 
wider than those in the main valve : it is on this account that two-part 
expansion-valves are preferred. 

The main valve S (Fig. 36, PI. VI.) carries the two gridiron- valves 
So and So ; each of these is provided on the inside with a lug n that 
strikes against the stop K ; at the outer end of each plate there is a 
second lug m that strikes against a projection q^. 

Let us now examine the left half of the valve arrangement and 
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suppose the main valve to travel from left to right, the lug n will 
then strike the stop and the plate closes the steam-way at a certain 
piston position. Now, when tho main valve returns, that is, moves 
from right to left, there will be a certain position in which the 
lug m strikes the projection and so places the expansion-valve that 
its steam-ways come over those of the main valve and thus again 
prepare for the admission of steam. 

To investigate the action of this valve arrangement we have 
drawn the skeleton figure 37 on PL VI., and there inscribed the 
symbols that are to be used in what follows. 

The main valve is shown in its extreme left-hand position, con- 
sequently the valve centre B is at the distance B X = r from the 
centre of motion. In this position the lug m of the left valve-plate 
Sq just touches the projection q, and one of the steam-ways a,,, which 
are here of the same width, stands over the other. 

If we suppose the valve S to move from left to right, the ex- 
pansion-valve will move with it the distance y and then stop. Then 
if the lower valve moves until it has travelled the additional distance 
ao, cut-off will take place ; the total travel of the main valve from 
the extreme position to the beginning of expansion is therefore 
y + ^0» OTy expressed in terms of the valve movement ^ from the 
centre of motion, this becomes 

i= ao + y -r; 

but according to the figure : 

L + r = ao + l+y + Xy 
consequently 

which is exactly the same equation that was obtained for the one- 
part valve ; every part of the diagram given in PI. VI., Fig. 35, is 
therefore applicable to the present valve-gear. We will add the 
following concerning the dimensions of the plates. 

That the plate may shut the steam-way, even when a? is at its 
minimum Xi, the edges Fa must be to the right of Ea (see Fig. 37, 
right-hand side), or at most the two edges may coincide ; in the 

latter case we have 

L — r = «1 -t- Z, 

B 2 
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or exactly, as above, 

Jj-l = r + x,. (137) 

Finally the plate must have a certain prescribed length Z3. For if 
the stop is so set that the maximum value g^oi x ia in action, the 
left edge A of the expansion-plate must not open the steam- way, i. e. 
it must not pass to the right of the edge 1. The extreme limit is 
when A coincides with I, in this case we have 

^2 " «0 4- «2 , 
the distance between the edges Fa and Eg being again designated by 
82. Now according to the figure 

li— r + 82 = Xi + ly 
consequently 

«2 = r-fa?2-(L- I), 

or, employing equation (137), we get 

«J = «2 — * 1« 
From this follows the minimum length of the plate : 

^2 = «0 + «^2 — a?i , 

and this length may be easily determined from the diagram. 

Recently attempts have been made to improve Farcofs gear so 
that it would give later cut-offs than are possible with the arrange- 
ment here discussed. At the Vienna Exposition there was an engine 
with a valve-gear in which the Fared valve was not in immediate 
contact with the main valve but separated from it by a third valve 
driven by a special eccentric. (See Bingler^s polyt. Journal, Jahrg., 
1874, Article by Müller-Melchiors, p. 359.) 

On the other hand, Guhrauer proposes (Zeitschrift des österreich- 
ischen Ingenieur- und Architekten- Vereines, 1872, Heft 16) to move 
the stops by means of an eccentric. 

Although the object can be attained by these methods, it is open 
to question whether the increased work of friction does not more 
than neutralize the advantage obtained. 

On the whole, Qeorges\ Ovdnotte's and Meyer's gears are preferable 
to Farcofs gear, even with the improvements last mentioned ; and of 
the first three, Meyer's deserves the preference because it has the 
least valve-friction. 
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WORKS ON LINK-MOTIONS. 



Philipps, ingenieur des mines. Theorie de la Coulisse (de Stephen- 
son) servant ä produire la detente variable dans les machines a 
vapeur, et particulierement dans les machines locomotives. 
Annales des Mines, Tome III. 1854. 

Deutsch im Civilingenieur, Bd. I, S. 164 1854. * Theorie der 
variabeln Expansion mittelst Stephenson's Coulisse.' 

This treatise by Philipps is the first* one which was published on link- 
motions; it explains, but only in an analytical manner, Stephenaon^a 
valve-motion for equal and unequal angles of advance, as well as for 
open and crossed rods. 

Weisbach, Bergrath, Professor, Dr., Ingenieur- und Maschinen- 
Mechanik, Bd. Ill, S. 650, 

Examines also Stephenson^s valve-motion, but only in an analytical 
manner, and only for equal angles of advance and open rods. But 
Weisbach gives the general formula for the movement of the valve 
somewhat difiereilt from the formula as given by Philipps, and was the 
first to give it in the form developed in the present treatise (Zeuner's). 



Zech, E., Ingenieur. Zeitschrift des österreichischen Ingenieur- 
Vereines. 1855. 7. Jahrgang. 

Zech finds in his treatise, which was published almost simultaneously 
with that by Weisbach, the same formula for the movement of the valve 
in Stephenson's valve-motion, but gives also for the first time the entire 
theory of Oooch's valve-motion. Besides, Zech states at the end of his 
very elegant mathematical investigation, that the two equations which 
he obtains for the movements of the valves in both valve-motions, are 
the polar equations of circles, but he does not give any further attention 
to the matter. 

* D. Kinnear Clark's * Bailway Machinery,' published in 1S50, contained geometrical 
investigations of the action of the varieties of link-motions used on locomotives. — 
Translator, 
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Bedtenbacher, Hofrath, Professor. Gesetze des Locomotivbaues 
(Mannheim, 1855), S. 100: *Die STEPHENSON'sche Taschensteu- 
erung/ 

Bedtenbacher examines only Stephenson's yalve-motion, bat neglects 
several quantities in the approximate calculations to such an extent, that, 
although a simpler formula for the movement of the valve is obtained, 
the most remarkable peculiarity of Stephensi/iCa valve-motion (variation 
of the lead) cannot be recognised in it. Stephenson's valve-motion, 
according to Bedtenbacher, has a constant lead for all degrees of 
expansion. 

After the treatises given above, the following ones were published by 
the author of the present book ; all important valve-motions were examined, 
and the circle diagram applied for the first time. 

Ueber die Coulissensteuerungen. Civilingenieur, Bd. II, S. 202. 
1856. 

Examines Stephenson's and Oooch's valve-motions for open and crossed 
rods. 

Ueber die Dampfvertheilung bei den neuem Locomotivensteu- 
erungen. Civilingenieur, Bd. Ill, S. 10. 1857. 

Examines Stephenson's and Hawthorn's valve-motions; also those 
given by Heusinger von Waldegg, Gomenbach^ and Meyer, 

Ueber die Diagrammsteuerung. Civilingenieur!, Bd. Ill, S. 155. 
1857. 

Describes a simple model for use at lectures, by means of which the 
law of the motion of the valve of all link-motions may be shown in a 
clear manner. 

Ueber die Locomotivsteuerung mittelst der STEPHENSON'schen 
Coulisse. Schweizerische polytechn. Zeitschrift, Bd. I. 1856. 



Betjleaux, Professor. Die ALLAN'sche Coulissensteuerung. Civil- 
ingenieur, Bd. Ill, S. 92. 1857. 

In this, as well as in all following treatises, the diagram is applied. 
Benleaux gives here for the first time the entire theory of Allan's very 
ingenious valve-motion with a straight link. 
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Lehmann» Ingenieur F. Die BoRsio'sche Locomotivsteuerung. 
Organ für die Fortschritte des Eisenbahnwesens, Bd. XlII, S. 
241. 1858. 

The treatise gives the description, theory, and the diagram of the 
double valye-motion, which is applied to most of Borsig's locomotives. 



Jenni, Bergrath, Professor. Ueber die wichtigsten Constructions- 
yerhaltnisse und einige neue Anordnungen bei doppelt wirkenden 
stationären Hochdruckdampfmaschinen mit Schiebersteuerungen. 
Berg- und Hüttenmännisches Jahrbuch der K. K. Schemnitzer 
Bergacademie, Bd. VIII. Wien 1859. 

This excellent treatise gives the entire theory of the simple valve- 
motion, as well as that by Stephenson and Oooch ; it gives also, for the 
first time, the theory and diagram of Fiw Fink*8 link-motion, without^ 
however, considering the missing quantity. 



VoLKMAB, Ingenieur, W. Eine neue Expansionssteuerung für Loco- 
motiven. Civilingenieur, Bd. V, S. 179. 1859. 

The treatise gives the entire theory of the double valve-motion in- 
vented by VoUemar, and which has been applied to engines of the 
North-Eastem Bail way of Switzerland. This very ingenions mechanism 
is related to Ouinotte^a gear. Vdkmar drives a Pohnceau valve by a link 
of which one end is driven by an eccentric while the other is attached 
to the end of main valve rod. In a certain sense Volhmar's gear is the 
intermediate link that connects Pohnceau'a gear with Ouinotte\ for in 
Volhmar's gear the relative, straight, line of centres is inclined to the 
axis of abscissas, but passes through the centre of crank-shaft. 



FuHST, Ingenieur, H. * Untersuchungen über die MEYBR'sche vari- 
able Expansion ' und * Die MEYEB'scbe variable Expansion als 
Locomotivsteuerung.' .Dingler's polytechn. Journal, Bd. 151, 
Heft 2 bis 5. 1859. 

The first treatise contains a few special investigations of Meyer's 
valve-motion by means of the diagram ; the author proposes in the other 
treatise to apply, instead of Stephenson's link, a link which swings round 
a fixed centre, and is moved by one eccentric. 
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Erauss» Maschinenmeister. Ueber Locomotivensteuerungen im 
Allgemeinen und insbesondere die Steuerung von Polonceau. 
Civilingenieur, Bd. VI, S. 110. 1860. 

The author gives here, for the first time, a description of Folonceau's 
valve-motion, and examines its action by means of the diagram. Besides, 
the treatise compares the different valve-motions applied to locomotives, 
with respect to the distribution of the steam. 



Von Gbimbubq, R., Ritter. Bemerkungen über die FiNK'sche Steu- 
erung. Zeitschrift des österr. Ingenieur- Vereins. 1862. 

Contains the theory of the valve-motion (without considering the 
missing quantity), and proves by an example the coincidence of the 
results of the diagram, with those obtained by experiments on a model. 



Schmidt, Gustav, Professor. Die Coulissensteuerungen. Zeitschrift 
des österr. Ingenieur- Vereins. 1866. 

The treatise contains the investigation of the chief formulas, and of 
the diagrams of the valve-motions by St^henson, Oooch, Allan, Heusinger 
wm Waldegg, and Finh Schmidt also determines here, for the fbrst 
time, the missing quantity for Fining valve-motion (a little different 
from the results of the present third edition of Zeuner's treatise on 
valve-motions), and the treatise gives for the other valve-motions a 
different way of determining the chief formulas, but besides these, it 
contains no results which are not to be found in the former editions of 
this book. 

Müller, Ober-Ingenieur, 0. H. Ueber Umsteuerungen, besonders 
für Schiffsmäschinen. Zeitschrift des Vereins deutscher Inge- 
nieure. Bd. X. 1866. 

This article examines with great knowledge the reversing motions as 
applied to marine engines, and finally points out the advantages of 
Fink's valve-motion for this very class of engines. 



Maw, W. H., and Sladb, Fred. J. Locomotive Engineering and 
the Mechanism of Railways. By Zerah Colburn. 1867. 

This work contains several chapters, by W. H. Maw and F. J. Slade, 
devoted to the geometrical investigation of the various link-motions 
in general use on locomotive engines, including Stephenson's, OoocVsy 



WORKS ON LINK-MOTIONS. 249 

Allan's, and Heusinger von Waldegg's, The methods of adapting the 
yalvegears to the various circnmstances met with in practical construc- 
tion are also considered. 



VoLKMAB, Ingenieur, W. Ueber Verbesserungen an den Expansions- 
steuerungen mit einem Schieber. Organ für die Fortschritte des 
Eisenbahnwesens. 1868. 

An interesting article, which examines minutely the distribution of 
the steam of the valve-motions with one valve, and which shows the 
advantages of Trick's port-valve. 



Napier and Macquorn Eankine. On the use of movable seats for 
slide-valves. (The Engineer, October 1867. See also Deutsche 
Industrie-Zeitung, Jahrg. 1868.) 

This article describes the ingenious valve arrangement discussed in 
the present edition under the head of " Napier and BanJcine's Cut-off 
Gear." 



PiCHAULT, S., Ingenieur. " Diagrammagraphe." Precedes theoriques 
et pratiques pour ^tablir et pour verifier les distributions des 
machines ä vapeur. 

^Annales industrielles,' 1871. This has also been published as a 
separate paper : Paris, 1872. It describes a device for generating our 
polar diagram mechanically ; as the diagram thus drawn is an exact 
one, it shows the disturbing influence of the length of the eccentric rods 
on the quantities given by the diagram. Pichault bases his work on 
my propositions and formulas, but incorrectly states, in this paper and 
in another mentioned below, that I wa& assisted by the French engineer 
Philipps in establishing my polar diagram. Philipps did write a paper 
which in its second part discusses the polar diagram, but it was not 
sent to the Academy of Sciences in Paris till 1860, and Philipps himself 
conceded at the time (' Oomptes rendus,' 1860, p. 935) my undoubted 
priority in the matter, and that he could not contest it. 



GuiNOTTE, Lucien, Ingenieur, fitude generale sur la detente vari- 
able et specialement sur son application aux machines d'extraction. 
Systeme nouveau applicable ä toutes especes de machines ä 
vapeur. Mens, 1871. 

This excellent treatise has already been discussed in this book and 
received due consideration and appreciation. A good outline of GuinoUe's 
paper may be found in the Polytechnischen Gentralblatt, 1871, p. 1393. 
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HuNAEüS, O., Ingenieur. Die Anwendung der geraden Coulisse bei 
der FiNK'schen Umsteuerung. Civilingenieur, Bd. 19. 1873. 
The contents of this article are stated on p. 167 of this book. 



Müller-Melchiors, Ingenieur. Die Dampfmaschinensteuerungen 
auf der Wiener Weltausstellung 1873. Dingler's polytechnisches 
Journal 1874, S. 1. 

This article presents clearly and discusses thoroughly the valve- 
gears at the Vienna Exposition ; some of the more important valve-gears 
are investigated with the aid of the diagram. 



PiCHAULT, S., Ingenieur. Ätude surles appareils de distribution de 
vapeur, exposes ä Vienne en 1873. 'Annales industrielles/ 
6. annee. 1874. 

A very comprehensive and, so far as the mathematical treatment is 
concerned, an elegantly written treatise, which gives special attention to 
€fuinotte*8 gear, discussing the latter with great detail ; we have quoted 
it in the text. When deducing the valve movement for €rooch*8 link- 
motion under the supposition that the eccentricities, angles of advance, 
&c., were unequal, I followed, at the beginning of the investigations, 
Pichault*8 line of thought, but not later on, for in order to obtain certain 
rules or propositions given by Ouinotte, Pichault goes too far in the way 
of neglecting certain terms of the formulas, namely, without saying so, 
he finally assumes infinitely long eccentric rods. 



Dwelshausbn-Deby. Exposition universelle. Revue des machines 
motives. Revue universelle des mines, etc., de Ouifer. 20. annee. 
Tome XXXIV. 1873. 

Among other things, the report treats with great detail the valve- 
gears at the Vienna Exposition. The report is one of the best works 
on the prime movers at the Exposition that have appeared. 



Balgdebie, a., Ingenieur. Note sur les reactions du coulisseau sur 
la coulisse de distribution et sur le retour brusque du levier de 
changement de marche dans le cas du renversement de la distribu- 
tion. Bulletin de la Societe d'Encouragement, etc., 1874, p. 73. 

A highly interesting study concerning the intensity of the force with 
which tiie reversing lever of a link-motion tends to leave its position in 
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consequence of the resistance offered by the Yalve, and it also treats of 
the force to be exerted by the driver when reversing. The qnestion is 
discussed analytically for the first time, and with the aid of the diagram, 
yielding interesting results. The question is also of practical importance, 
for the sudden flying back of the reversing lever that sometimes takes 
place is dangerous for the locomotive driver. 



I/ySTDOV: FBINTEO BT WILLIAM CLOWES AND SONS, LIHITED, STAMFOBD 8TUEET AND CHARING CROSS. 



Piateil. 




E.&F.N.Spon. London ic New l^ri 



J 



Plate 11. 




E.&FN.Spon, London Sc New Ibrk 



P1.U 111. 




MOTION . 



Spntfuei C Fknibo-laf», London 



E&F.N.Spon, London &.IhwYork. 



^ 



Plate V. 



Fig. 27. Polonceau. 

Hair Size. 




Poloiieeaxi Meyer 



E&FRSpön, London & Ne-wYork. 



PlaUVI. 




Bg35. FaTcot. 

ha I L^ 




Sprayu« 



E&FN.Spon. London Sc NevrYork 



- 



// 






a 



/ 






\i 



i-i 



^ 



I 



